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INTRODUCTION

Smoking is a major cause of lung cancer, the most prevalent cancer worldwide and the leading
cause of cancer-related mortality in both men and women in the United States. In 2005, lung
cancer will cause an estimated 163,510 deaths in the United States, which are more deaths
than those predicted for breast, prostate, and colorectal cancers combined (Jemal et al., 2005).
The 5-year overall survival rate of patients with lung cancer is extremely poor at less than 16%;
this is a mere 3% increase since the 1970s (Jemal et al., 2005).

Conventional treatments of lung cancer (surgery, radiotherapy, and chemotherapy) have
reached their limitation in improving overall patient survival and require substantial
improvements. A better understanding of the biology of iung cancer is needed to develop new
therapeutic modalities for lung cancer.

The TARGET (Translational Approaches for the Reversal, Genetic Evaluation and Treatment of
Lung Cancer) program initiated three years ago aims to understand the biology and therapy of
lung cancer cell lines, animal models and human subjects. Specifically, the program proposed
ten research projects designed to understand the epidemiology, molecular biology, genetics and
epigenetics of lung cancer in the context of tobacco-damaged aerodigestive tract tissue, and
anti-tumor activities of some promising agents, and to develop improved pulmonary gene
delivery approaches and orthotopic murine human lung cancer model to test effects of
antiangiogenesis agents.

PROGRESS REPORT
Project 1: Molecular Epidemiology of Lung Cancer

(Principal Investigator: Margaret Spitz, M.D., M.P.H.)

Specific Aim 1.1 To create a specimen and data resource

We will enroll (over two years) a consecutive series of 100 lung cancer cases of any histology,
age, gender and ethnicity, undergoing thoracotomy for definitive therapy. These patients will
have detailed epidemiologic risk assessments including tobacco exposure, dietary intake and
family history. Blood samples, bronchial washings and bronchial biopsies will be obtained on
each patient.

Update
We have consented 117 cases since receiving DoD approval in May 2004, 101 of these patients
have completed surgical resections to date. These patients are also enrolled in NCI protocol
CPN 91-001, which allows for the collection of blood and sputum specimens from lung cancer
cases and controls. Table 1 summarizes the
collection of specimens. Among the 117

Table 1 Summary of Specimen Received

participants, sixty-six (56%) participants are female Tissue Type #Rec'd
and fifty-one (44%) are male. 108 (93%) Tumor 81
participants are White, five (4%) are Black, and Normal 82
four (3%) participants are Asian. Adjacent Bronchus 62
For Culture 41
Blood 90
Bronchial Brushes 99

Sputum 160
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Specific Aim 1.2 To determine the genetic susceptibility profile in surrogate tissue

We will perform a panel of genotypic (select polymorphisms in DNA repair genes and 3p21.3
and 10g22 aberrations) and functional (DNA repair capacity, mutagen sensitivity, and COMET)
assays of genetic susceptibility on peripheral lymphocyte DNA from the 100 patients identified in
Specific Aim 1.

Specific Aim 1.3 To determine the genetic susceptibility profile in target tissue

We will establish bronchial epithelial cell cultures from fresh tumor specimens at thoracotomy of
the 100 lung cancer patients from Specific Aim 1 and perform, in parallel, genotypic and
phenotypic DNA repair capacity and mutagen challenge assays. We will compare, using FISH
analyses, the rate of concordance of DNA deletions at 3p21.3 and 10g22 loci in cells obtained
from bronchial washings and peripheral lymphocyte cultures of 50 patients.

Update for Aims 2 and 3
As described in the prior report, we have established a genotypic assay (FISH) and functional

assays (DNA repair capacity, mutagen sensitivity, COMET, and telomere length) on peripheral
lymphocyte DNA from the patients identified in Specific Aim 1 and commercially available cell
cultures.

In the past year, we have further developed dose response curves for both gamma radiation
and BDPE (DNA-damaging agent) comet assay experiments and have selected the best dose
for each treatment (Figure 1 and 2).
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We have also shown the repeatability of the assays over two different time periods (Figures 3-4)
and determined effects of cell passage number on the length of the comet tail moment (Figure
2). The results showed no difference of the tail moment length between passage 2 and passage
3 cells. We have chosen the passage 3 cells for the comet assay experiments.
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In addition, we have performed FISH analyses for 3p and 10q in the bronchial brushes, touch
preparations, and the lymphocytes, and summarized the actual values in Table 2.

Table 2. Summary of FISH data for 3p and 10q deletion

Variables N Mean(SD) Range
cep3/3p-BBNT(%Del) 9s 2.35(1.86) 0.0-8.0
cep3/3p-BBT(%Del) 96 5.93(4.40) 0.0-30.0
cep3/3p-TPT(%Del) 74 17.24(10.26) 3.0 -53.0
cep3/3p-TPAB(%Del) 37 5.00(3.49) 0.0-16.0
cep3/3p-TPNT(%Del) 68 3.78(2.91) 0.0 - 14.0
¢ep10/10g-BBNT(%Del) 82 1.56(1.43) 0.0-6.0
cep10/10q-BBT(%Del) 86 4.30(2.06) 0.0-11.0
cep10/10q-TPT(%Del) 66 11.06(6.68) 2.0-29.0
cepl0/10q-TPAB(%Del) 25 4.96(3.36) 1.0 -14.0
cepl0/10g-TPNT(%Del) 67 2.52(2.15) 0.0-9.0
Cep3p-bpde(%Del) 90 2.01(0.59) 0.8-4.2
Cepl0g-bpde(%Del) 70 1.60(0.58) 0.6 32

BBNT, bronchial brushings on non-tumor side; BBT, bronchial brushings on tumor side;
TPT, touch preparation on tumor side; TPAB, touch preparation on adjacent normal
tissue; TPNT, touch preparation on non-tumor side;3p-bpde (del), BPDE-induced 3p
deletion; 10g-bpde (del), BPDE-induced 10q deletion.

Specific Aim 1.4 To assess concordance of findings in paired samples

Update

FISH analyses. We have evaluated the correlation between data from bronchial brushes and
touch preparations. As summarized in Table 3, there was no correlation overall between pack-
years smoked and deletion in 3p and 10q in bronchial brushes from either normal or tumor side.
However, there is evidence of statistically significant correlations between 3p and 10q %
deletions in bronchial brushes from the tumor side as described in the last report, between 3p %
deletion in bronchial brushes from tumor side and 3p deletion in touch preparations from tumor
side, and between 3p deletions in touch preparations from tumor, normal, and adjacent side and
pack-years smoked.

Table 3. Correlation between data from bronchial brushes and touch preparations
Variable packyr Ppackyr cep3pBBT Peep3pBBT cep3pTPT1 Pcep3pTPT1
Corr. Coef. Pvalue Corr. Coef. Pvalue Corr, Coef. Pvalue

Packyr 1 0.025301605 0.812878131 0.19287334 0.104541775
cep3pBBNT 0.075100429 0.48425895 0.503216661 3.69879E-07 (.233845874 0.056833615
cepdpBBI 0.025301605 0.81287813 1 0.472942033 4.06711E-05
cep3pTPTI 0.19287334 0.10454178 0.472942033 4.06711E-05 1
cep3pTPABI 0.212435522 0.2135414 0.020376692 0.906101354 0.273289244 0.10170935
cep3pTPNTI 0.125968481 0.31353069 0.060181466 0.636647542 0.499864638 2.24076E-05
cepl0gBBNT 4).136368489 0.23697165 0.410090647 0.00021223 0.029316824 0.821052373
ceplOgBBT 0.023063972 0.83805922 0.371807737 0.000684237 0.253510677 0.039988949
ceplOqTPTI -0.050100654 0.69420667 0.048116108 0.708047929 0.102970117 0.421933413
ceplOgTPABI 0.092132548 0.66852506 0.127250339 0.544414893 0.324393574 0.113636551
ceplO4TPNTI -0.026878208 0.83169144 0.052431482 0.678288628 0.079221777 0537114146
BBNT, bronchial brushings on non-tumor side; BBT, bronchial brushings on tumor side; TPT, touch preparation on tumor side; TPAS,
touch preparation on adjacent normal tissue; TPNT, touch preparation on non-tumor side.
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We also received and processed close to 160 sputa and performed FISH and image analysis
studies on almost 70 cases. Once we finish the FISH and image analysis, we will evaluate the
correlation of the paired samples.

Telomere analysis. We have analyzed the correlation between telomere length in peripheral
blood lymphocytes (PBLs) and telomere length in epithelial cells of bronchial brushings. We
found a significant correlation between telomere length in PBLs and telomere length in epithelial
cells of bronchial brushings on normal side (p<0.0001) but not significant on tumor side
(p=0.0838)(Table 4). This might be due to the telomerase activation on the tumor side. There

W
Table 4 Correlation of Telomere Length between PBLs and Lung Epithelial Cells _as .a.‘so a
from Bronchial Brushings S|gnlf[cgnt

correlation

Tissue N Correlation coefficient P value between

Lymphocytes vs. Brushing normal side 71 0.5074 <0.0001 telomere length

Lymphocytes vs. Brushing tumor side 73 0.2037 0.0838 in eplihell_al cells

Brushing normal vs. Brushing tumor side 69 0.4564 0.0001 of b!'OF'IChI&l
brushings on

normal side and telomere length in epithelial cells of bronchial brushings on tumor side
(P=0.0001).

We have also examined the correlation between telomere length and 3p aberrations in
lymphocytes and target tissues (Table 5). Telomere length in epithelial cells of bronchial
brushings on tumor side was significantly inversely associated with 3p aberrations in bronchial
brushings from the tumor side (p=0.0013) and the normal side (p=0.0021), also with 3p
aberrations in touch prep from the tumor tissues (p=0.0064) and the adjacent normal tissues
(p=0.0083). Similarly, we found that telomere length in epithelial cells of bronchial brushings on
the tumor side was significantly inversely associated with 10q aberrations in bronchial brushings

Table 5 Correlation of Telomere Length with Chromosome 3p Aberrations
Telomere Length PBLs BBT BBN T NT
LYMPHOCYTES
N 63 77 75 61 55
Correlation coefficient 0.0793 -0.0771 -0.1608 0.066 0.0447
P-value 0.5365 0.5052 0.1683 0.6135 0.7458
BBN
N 61 74 73 58 53
Correlation coefficient 0.1454 -0.1171 -0.2185 -0.1082 -0.1525
P-value 0.2504 0.3205 0.0633 0.4188 0.2757
BBT
N 63 76 74 60 54
Correlation coefficient 0.0301 -0.3633 -0.35186 -0.3483 -0.3558
P-value 0.8146 0.0013 0.0021 0.0064 0.0083
BBT, bronchial brushings on tumor side; BBN, bronchial brushings on normal side; TT, tumar
tissue; NT, adjacent normal tissue; Correlation coefficients were obtained from Spearman's
correlation coefficient test.
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from the tumor side (p=0.0261), normal side (p=0.0023), as well as with 3p aberrations in touch
prep from the adjacent normal tissues (p=0.0061).

BPDE sensitivity (DNA repair capacity) analysis. We have also analyzed the correlation of
BPDE sensitivity with 3p and 10q status. We found that BPDE sensitivity in lymphocytes was
significantly positively associated with 3p deletion (p=0.0066) and aberrations (p=0.0024) in
lymphocytes, and borderline significantly associated with 10q aberrations (p=0.0570) in
lymphocytes (Table 8).

Table 6. Correlation between BPDE sensitivity and 3p and 10q Instability in PBLs

BPDE-sensitivity bp3pdel bp 70gdel bp3paber bp 10gaber
N 67 67 66 67
Correlation coefficient 5 3589 0.2077 0.3679 0.2337
P-value 0.0066 0.0917 0.0024  0.0570

bp3pdel: BPDE-induced 3p deletion; bp3paber: BPDE-induced 3p aberrations;
bp10qdel: BPDE-induced 10q deletion; bp10gaber: BPDE-induced 10q aberrations;
Correlation coefficient was obtained from Spearman’s correlation coefficient test.

Project 2: Genetic Instability by Smoking Status
(Principal investigator: Walter Hittelman, Ph.D.)

Specific Aim 2.1 To determine optimal conditions for detecting clonal changes using
fluorescent inter-simple sequence repeat PCR (FISSR-PCR),
standardize and validate FISSR-PCR for application to bronchial
biopsy specimens

In prior Progress Reports, we reported that we had optimized the conditions of FISSR-PCR for
DNA fingerprinting and showed that the results were fairly reproducible in premalignant and
malignant cell lines. We also showed, using the BEAS2B, 1799, 1198, and 1170l lung cell
progression model, that the number of detectable clonal changes increased as cells stepwise
progressed from an immortalized to a malignant stage of lung tumor development. We also
showed that each of these cell populations contained multiple subclonal populations
distinguishable by FISSR-PCR and that the degree of subclonal variation increased as the cell
populations moved toward the tumor phenotype. We also showed by sample mixing
experiments that this technology was sufficiently sensitive for detecting subclonal variants if they
occupied 20% of the total dissected population.

However, we have realized that the use of paraffin-embedded specimens limited our ability to
carry out analyses on very small amounts of microdissected material due to limitations in DNA
extraction from the paraffin-embedded material, limitations in the size of the PCR products to
about 500 base pairs due to formalin-induced DNA cross links, and interference of detergent
used in the DNA extraction with the fluorescence signal detection. We therefore decided to
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optimize the conditions for FISSR-PCR reactions for use on frozen material. We focused on
three initial components of the analysis. First, in collaboration with Dr. Ignacio Wistuba, we
compared the laser capture microdissection technique with needle dissection and found that
both techniques were suitable. Second, we optimized the DNA extraction methodology from the
frozen tissue material, with or without phenol extraction and ethanol precipitation, and examined
the effect of column purification of the DNA. Third, we optimized the PCR reaction by examining
different PCR systems, including the effect of hot start PCR, different DNA polymerases,
different PCR buffer systems, and different PCR temperatures.

Update

In the last year, we finished optimizing the conditions for FISSR-PCR analyses of frozen
material, in collaboration with Dr. Ignacio Wistuba, and initiated an analysis of 16 lung cancer
cases where we characterized the degree of clonal variation between different regions of the
tumor resection specimen, including lung tumor regions (1-12 regions per case; mean 3.1),
normal bronchial epithelial regions (1-10 regions per case; mean 4.0), and stromal regions (1-8
regions per case, mean 2. 1) We used three primer sets for these studies, including a Fam-
(CA)’RG primer, a Fam-(CA)°RY primer, and a FAM-(AGC)*Y primer. All reactions were carried
out in friplicate to ensure reproducibility. Only those peaks where all triplicate profiles
consistently showed changes at least 50% of peak height were counted as DNA band changes.
The utilization of three primer sets permitted analysis of between 224 and 328 different bands.
Figure 1 provides an example of a comparison between a bronchial epithelial region (blue,
mauve, and turquoise lines) and a stromal standard for the case (red, peach, and yellow lines).
As shown in Figure 1, two band changes were evident in the bronchial epithelium compared to
the stromal region.

1'!_:11 AL L I I M e M M M M6 T O} M0 N W W N0 N N0 M I I a0 M M The Clinical.and
Changes demographic
) Red, and characteristics of the
= , 1 triplicate of stroma standard 16 lung cancer cases
- | : for patient #683
" B whose tumor
N I resections were
w| oluc, and - oo { examined by FISSR-
triplicate of bronchial T i PCR analysis are
*| epithelial area to be ! I‘!ﬁ | l .
w| compared for patient #683 J‘H‘, iy J i ’ :lrK shown in Table 1.
Ny 0 il ] ¥ ol ﬂ Fifteen of the 16
o Prowotis i titnemod P ' Vst "ia ] M.Jf USiMJ w and s | L4 | cases were
B o S adenocarcinoma and
Figure 1. FISSR-PCR analysis example of comparison of a region of normal bronchial the remaining case
epithelium with a stromal region showing evidence for two band changes was squamous cell

carcinoma. As might
be expected for studies based on surgical resection specimens, twelve of the 16 cases were
pathological stage | tumors. With regard to smoking status, @ cases involved former smokers, 5
cases involved current smokers, and two cases involved never smokers.

All regions dissected from the lung cancer

; : Table 1. Patient and Tumor Characteristics
specimens showed band alterations based on one

. & Total patient 16 Yo
standard pattern seen in an associated stromal Gander
region. As shown in Figure 2, the tumor regions .00 e i
showed the highest extent of clonal alteration aan i 59.5 (40— 79)
compared to the stromal regions (median 6.03 Adenocarcinoma 15 93.8
. Squamous 1 6.2
band changes for 15 tumor region cases analyzed). Pathological stage
| 12 75.0
Ll 4 25.0
Metastasis None
Smoking status
8 Never 125

<
Former g 56.25
Current 5 31.25
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Nevertheless, the degree of clonal change varied
between tumor cases. Of importance, significant
levels of clonal change were also apparent in
regions dissected from normal-appearing bronchial
epithelium in the lung cancer specimens, albeit at
lower levels than that observed in the tumor regions
(median, 1.89 band changes). Again, the degree of
clonal change in normal appearing bronchial
epithelium differed between cancer cases. Of
interest, and somewhat surprisingly, small levels of
clonal alterations were also detected in the stromal
regions in some lung cancer cases (median, 0.43).
While the levels of clonal alteration in the stroma

were generally small compared to that found in the bronchial epithelium and in the tumor
regions, it was still detectable in some cases at fairly high levels. An example of the changes
observed in one lung tumor specimen is illustrated in Figure 3 and Table 2. In this case, as
shown in Figure 3, 16 separate tumor regions and 3 normal regions were microdissected and
subjected to FISSR-PCR analysis. The frequency of band changes in this case for the tumor
regions was 14.6 while that in the normal regions was 1.6. Of interest, not all tumor regions
showed identical band changes. While each region might have shown some common changes,
there were also differences in specific band changes from region to region, suggesting both
clonal evolution and subclonal variation within the lung tumor specimen. Also of interest, some
of the normal regions contained identical individual band changes also found in the tumor,
suggesting a possible precursor to product relationship. On the other hand, other normal
regions showed no common changes with the tumor specimen suggesting a different
premalignant pathway from that associated with the specific multistep tumorigenesis pattern in

the tumor.

LS
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Figure 3. Regions microdissected from on lung cancer case

Tumor areas #7. £14, #135, and # 16 share common
DNA band changes (blue) and evidence for
subclonal evolution (risa to coan ts green).
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Table 2. Examples of band changes observed in
different tumor and normal regions of the case
shown in Figure 3.

|

The data shown in Figure 2 suggested that there might be some relationship between the
degree of clonal alteration in the tumor regions with that in the bronchial epithelial regions in the
tumor specimen. When compared on a case-by-case basis, however, the relationship was not
strictly monotonic (Figure 4). Similarly, while lung tumor specimens from former smokers
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Figure 5. Relationship between smoking status and the
frequency of clonal alterations detected in the tumor
regions.
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showed a slightly higher median frequency of clonal changes compared to current smokers,
there was a high degree of overlap in clonal alteration frequencies between the two groups
(Figure 5).

Taken together, these studies suggest that FISSR-PCR together with microdissection is
sufficiently sensitive to quantify clonal and subclonal changes in lung tissues, including tumor,
normal bronchial epithelium, and even stromal regions. These data validated our prior studies
and that of others using LOH analysis that lung tumorigenesis represents a field process where
tobacco exposure can create genetic changes throughout the exposed lung tissue leading to the
presence of multifocal clonal outgrowths. The levels of clonal alteration in the bronchial
epithelium tend to be less than that in the adjacent tumors. Nevertheless, there was weak
concordance between the levels of clonal alteration in the tumor and in the normal bronchial
epithelium, providing support for a strength component to the field effect. This finding is
important in the setting of estimating risk of individuals without cancer since it suggests that
random biopsies can still provide quantitative information for the tissue field as a whole. The
studies in former smokers further support our prior in situ hybridization data suggesting that,
despite smoking cessation, clonal outgrowths remain in the exposed tissue and contribute to the
development of malignancy. Studies are currently ongoing in other projects to better understand
the mechanisms that drive clonal outgrowth and continued genomic instability in lung tissues of
former smokers.

The data were summarized in the Proc. AACR, 2004 (Lu and Hittelman).

Specific Aim 2.2 To determine whether smoking status influences changes in clonal
frequency and whether chemopreventive intervention has
differential impact on clonal outgrowths in current and former
smokers

Update
Now we have developed the FISSR-PCR technique and are ready to examine and compare the

degree of clonal alterations in the bronchial epithelium of current and former smokers who are at
increased risk for lung cancer in association with their history of tobacco smoke exposure.

Our original research plan proposed the use of paraffin-embedded bronchial biopsies of
subjects who participated in one of our chemoprevention clinical trials for current or former
smokers where we had already characterized their degree of clonal alterations by FISH.
However, as described above, we found that the FISSR-PCR assay is much more robust when
frozen tissue is utilized. We therefore have identified a series of frozen biopsies from a group of
individuals who were previously studied on these trials and chose two groups for further study
based on the presence of high or low clonal alterations detected by FISH on paraffin embedded
specimens.

To determine whether chemopreventive intervention has differential impact on clonal outgrowths
in current and former smokers, we have started to analyze some cases. We have carried out
the PCR reactions for more than 15 cases that had participated in the 4-HPR (chemopreventive
agent) clinical trial that involved current smokers. As of this report, the FISSR-PCR data of three
cases is available. In one case where two epithefial and two stromal regions were
microdissected and analyzed by FISSR-PCR using two separate primers, compared to one of
the stromal regions, one epithelial region showed 8 band changes while another epithelial

region showed one change. Interestingly, the two stromal regions differed by one band. When
six paraffin-embedded biopsies of this same case had been analyzed by chromosome in situ

10
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hybridization previously, the chromosome indices had ranged from 1.44 to 1.54 (considered
high) and the degree of chromosome polysomy had ranged from 4 — 5.8% (also considered
high). Another specimen that showed basal cell hyperplasia showed 4 band changes in two
separate epithelial regions and 1-2 band changes in two separate stromal regions. This case
had previously shown chromosome indices of 1.28 — 1.35 and polysomes of 1.2-3.1% in six
biopsy sites. A third case showed a low level of clonal alteration in one microdissected region.
Thus, the early results from our ongoing analysis suggest that we can utilize FISSR-PCR to
detect clonal alterations in the bronchial epithelium of individuals without lung cancer who are at
increased lung cancer risk associated with their smoking history. In parallel, we will carry out
FISH analyses on adjacent sections of these same biopsies to determine whether the two
technologies yield parallel or distinct information.

The results were published in the Proc. AACR, 2004 (Lu et al.).

Project 3: Epithelial Biomarkers of Lung Cancer: Evaluation of Airway Secretions to
Study Lung Carcinogenesis

(Project Leader: Ja Seck Koo, Ph.D.)

Specific Aim 3.1 To identify proteins whose secretion or release is different in
squamous metaplastic tracheobronchial epithelial cells as

compared to normal mucous epithelial cells

Primary normal human tracheobronchial epithelial (NHTBE) cells maintained in retinoic acid
(RA)-sufficent media generate a fully-differentiated mucociliary bronchial epithelium, in contrast
the cells become squamous metaplasia in RA-deficient media. This Aim seeks to identify
proteins whose secretion or release is different in squamous metaplastic epithelial cells as
compared to normal mucous epithelial cells. The identified squamous metaplasia-
secreted/released proteins may be potential biomarkers to detect premalignant lesions in the
early stage of lung carcinogenesis.

Update
Using the optimized conditions for 2D PAGE analysis we developed in the last years, we have

found at least 174 unique spots in the ASF of squamous metaplastic NHTBE cells (Figure 1).
Further analyzing the 174 spots

Figure 1.
Comparision of
squamous and
mucocilliary
differentiated
NHTEBE calis. ASF
and whole-cell lysate
proteins were
separated by 2-D gel
electrophoresis. The
gel was silver-stained
and anal usin
Pmumma?e
(Bio-Rad, V5.0)
package. A, ASF
squUaMmous

differentiated NHTBE.

B, ASF mucous

differentiated NHTBE.

C, Merge A and B. D,
Whale-cell lyate
SGUAMOUS

differentiated NHTBE.

E. Whole-cell lysate
mucous differentiated
NHTBE. F, Merge D
and E. G, Merge A
and D, H, Merge B
and E.

using liquid chromatography-tandem
mass spectrometry, we identified 23
unique proteins (Figure 2 and Table
1). Among them, squamous cell
carcinoma antigen 1 (SCCA1),
SCCA2, Annexin |, Annexin Il,
S100A8, and S100AS were further
confirmed for their unique
expression and

secretion in the ASF from the
squamous metaplasia (Figure 3). A
manuscript is in preparation.
Specific Aim 1 has been completed.
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Figure 2. Typical
2-D PAGE
picture of ASF
sguamous
metaplasia
NHTBE cells.
Five hundred pug
of proteins in ASF
squamous
NHTBE were
separated by 2-D
gel
electrophoresis
and silver-stained.
More than 174
spols were
differentially
expressed in ASF
s$quamous
NHTBE cell.
Arrow indicate
differentially
expressed spots
identified by LC-
MS/MS. The
corresponding
identifications are
listed in Table 1.

Table 1.. List of uniquely expressed proteins in ASF squamous metaplasia NHTBE cell culture
Spot 1D Protein name Accession number Mr.(kDa) pl

510048 NP_002955 10.9 6.7
2 Cystatm SA-1 precursor A28001 15.2 59
3 S100A% NP 032956 132 3.6

5100A 14 NP_055723 1.6 5.4
5 Chain A, Cyclophilin A Complexed With Cyclosporin A 3CYSA 17.9 8.1
6 Annexin | NP_000691 373 8.1
7 Annexin 11 NP_034030 36.6 8.5
E Squamous cell carcinoma antigen | (SCCAL) P29508 42,1 5.3
9 Squameus cell carcinoma antigen 2 (SCCA2) P48594 42.1 7.0
16} Maspin precursor (Protease inhibitor 5) P36952 42 52
1 Phosphoglycerate kinase | POOSSE 45.0 8.5
12 78 kDa gastrin-binding protein P40939 78.0 4.0
13 60 kDa heat shock protein (Hsp60) P108CS 60.0 4.5
14 Heat shock 70kDa protein 8 isoform | NF_0056588 69.7 8.0
13 Cytusolic thyroid hormone-binding protem (CTHBP) P14618 573 8.5
16 Cellular thyroid hormone binding protein (p55) P0O7217 55.0 4.0
17 ATPSAI protein AAH39135 60.9 8.5
1% Purine nucleoside phosphorylase POO4S T iz 5.6
19 Porin 31HM AAB20246 328 B.8
an PRO2044 AAF22034 29.0 6.0
i Chain B mose phosphaie isomerase IHTIB 26.7 6.5
2 Heme binding protein 2 NP_956452 205 4.0
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Figure 3. Validation of
differentially expressed proteins.
W = e [T S NHTBE cells were grown in the

- presence or absence of retinoic acid
for 4 weeks. ASF and whole-cell
lysate was prepared and subjected
to Dot blot {A) and Western blot
analysis (B) using the indicated
antibodies. Mucous differentiation

(@ | 510049 was confirmed by blotting with

= MucSAC antibody. Equal loading
'8 | Aonexat was confirmed by stripping the blot
T and reprobing it for B-actin antibady.
[ ' | Ansaiat  e———

L | | Mo |

[ ‘] MugsAl E Bractin

Specific Aim 3.2 To identify and characterize abnormal proteins secreted by lung
squamous cell carcinomas

Update
First, we tested whether the proteins identified from Specific Aim 1, which were abnormally

overexpressed in non-tumorigenic squamous metaplasia compared to NHTBE cells, maintained
their high levels in tumorigenic carcinoma cells. We found that expression of SCCA1 and 2 was
progressively increased in transformed/tumorigenic lung carcinogenesis model cell lines
(Figures 4-5) and only detected in squamous cell carcinomas, not in adenocarcinomas (Figure
6).

S5q Ad

HIis HI9Z MHI17M HI97S

&
1
= -

5q NHTBE H»I H1734 5q NHTBE HI HITH
SCCAL

DAF] SCCAl SCCAZ

DAF

Overlap Overinp

Figure 4. Expression pattern of SCCAT and SCCA2
in lung carcinogenesis model cell lines. A,
Immortalized human brochial epithelial {HBE, BEAS-
2B and 1799) cells, transformed HBE cells {1188},
and malignant HBE cells (1170-1) were analyzed.
Equal amount of whole-cell lysate was subjected to
Western blot analysis against SCCA1 and SCCA2
antibodies. 8, Cells grown on coverslips were
analyzed by fluorescence immunofluorescence
analysis using same antibodies, followed by
secondary antibody of Alexa Fluor-488 goat anti-
mouse 1gG. Nuclei were stained with DAPI (blue)
and then merged with a fluorescent micrograph of
SCCA and DAPI staining.

Figure 5. Expression pattern of SCCAT and SCCAZ2 in
NSCLC cells. A, NSCLC cell lines (squamous
carcinoma cell line, NCI-H226 and NCI-H282;
adenocarcinoma cell line, NCI-H1734 and NCI-
H1975) grown and then whole-cell lysate was
subjected to Western blot analysis against SCCA1
and SCCA2 antibodies. B, Cells grown on coverslips
were analyzed by fluorescence immunochemistry
analysis using the same antibodies.
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As an alternative approach proposed in the grant, we also used an Affymetrix oligonucleotide
chip technique to globally examine molecular changes in non-small cell lung carcinoma
(NSCLC) cells. Comparing the gene expression profile of the NCI-H292 NSCLC cell line with
that of NHTBE cells grown in a three-dimensional organotypic culture system that permits
maintenance of the normal pseudostratified mucaciliary phenotype characteristic of bronchial
epithelium in vivo, we found that 1,683 genes showed a >1.5-fold change in expression in the
H292 cell line relative to the NHTBE cells. Specifically, 418 genes were downregulated and
1,265 were upregulated in the H292 cells. The expression data for selected genes were
validated in several different NSCLC cell lines using quantitative real-time PCR and Western
blot analysis. Further analysis of the differentially expressed genes revealed that WNT
responses, apoptosis, cell cycle regulation and
cell proliferation were significantly altered in the sccat sccaz
H292 cells. Functional analysis using : ;
fluorescence-activated cell sorting confirmed

concurrent changes in the activity of these Normal epithelium " i - e
pathways in the H292 line. These findings
showed that NSCLC cells displayed the PR )
deregulation of the WNT, apoptosis, B v 4 '
proliferation and cell cycle pathways as has TR T, v

been found in many other cancer types. Rdencarciomi: -! .

Data were published in Mol Genet Genomics
(Ju et al., 2005). Specific Aim 2 has been e i iran i
com p!eied : Squamous carcinoma

Figure 6. Immunohistochemical staining of SCCAT and
SCCA2. Normal epithelium tissue sections (4, E}, well-
differentiated adenocarcinoma tissue sections (8, F),
moderate differentiated squamous carcinoma tissue (C, Well differentiated
- < . ¢ Squamous carcinoma
G), and well-differentiated squamous carcinoma tissue
sections (D, H) were stained using anti-SCCA1 (Right
panels) and anti-SCCA2 antibodies (Left panels).

Specific Aim 3.3 To evaluate the efficacy of differentially secreted proteins as novel
biomarkers using readily-accessible clinical specimens

We proposed to examine whether the candidate biomarkers identified in Specific Aims 1 and 2
can serve as useful biomarkers for early detection of lung cancer using easily-accessible
sputum and bronchial washing samples.

Update

Originally, we planned to obtain 50 subjects for this study after receiving approval for collection
and laboratory analysis of sputum and bronchial washings. But since we have also involved a
NIH Lung P01 program (PI- Waun Ki Hong) where we are responsible for collecting and using
the same samples but for different purposes, we decided to use these samples for this aim as
well, which saved time and effort in obtaining IRB approval.

We first examined SCCA 1 and SCCA2. 125 bronchial washing specimens were analyzed for
SCCA1 and SCCA2 expression by immunoblotting. Processed bronchial washings containing
total 50 ug of protein were subjected for dot-blotting using antibodies against SCCA1 and
SCCA2. Currently, we are evaluating whether expression of SCCA1and SCCA?2 is correlated
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with histological phenotypes of the bronchial epithelia of the subjects. This study will be
completed in the coming year.

Specific Aim 3.4 To establish primary bronchial epithelial cells in culture and
evaluate the expression of candidate biomarkers in bronchial
epithelia of lung cancer patients.

We proposed to investigate the expression and regulation of the biomarkers in bronchial
epithelial cells in cultures and to address whether the molecular alterations are persistent during
the development and differentiation of bronchial epithelium of the lung cancer patients. The
source for epithelial cells is from bronchial biopsy tissues collected from 100 newly diagnosed,
and previously untreated lung cancer patients who are undergoing surgery at M. D. Anderson
Cancer Center.

Update

To date, we have obtained 44 bronchial tissue specimens from surgically removed lung sections
of 44 different patients. Bronchial epithelial cells were successfully isolated from 36 tissue
specimens and stored in liquid nitrogen for further studies proposed in Specific Aim 3.4.

To determine whether the epithelial cells have the capability to regenerate bronchial epithelia,
bronchial epithelial cells isolated from 6 different patients were cultured by organotypic air-liquid
interface culture method. The cultures successfully reconstructed pseudostratified bronchial
epithelium. We are currently testing the expression of the putative biomarkers identified from
Specific Aims 3.1 and 3.2 in the organotypically cultured primary bronchial epithelial cells from
the lung cancer patients.

Project 4: Prognostic Role of Promoter Hypermethylation of Death-Associated Protein
(DAP) Kinase and p16 in Early-Stage Non-Small Cell Lung Cancer
(Project leader: Charles Lu, M.D.)

Specific Aim 4.1 To examine the relationship between hypermethyiation of the death-associated
protein (DAP) kinase gene promoter and disease-free, disease-specific, and
overall survival in completely resected, early-stage NSCLC.

Specific Aim 4.2 To examine the relationship between hypermethylation of the p16 gene

promoter and disease-free, disease-specific, and overall survival in completely
resected, early-stage NSCLC.

Specific Aim 4.3 To examine the relationship between hypermethylation of the p16 promoter
and history of tobacco smoke exposure in early-stage NSCLC.

Specific Aim 4.4 To determine the independent prognostic significance of the molecular
biomarkers after adjusting for relevant clinicopathologic variables

The specific goal of this research proposal is to determine the prognostic importance of
promoter hypermethylation of selected candidate genes in patients with early-stage, resected
NSCLC who have been followed as part of a clinical research database. This study will create a
high-quality database that includes clinical information in addition to surgical pathology data.
Subjects in this study are identified from a clinical research database of patients who have
undergone surgical resection by faculty members of the Department of Thoracic and
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Cardiovascular Surgery, The University of Texas M. D. Anderson Cancer Center. This database
was established in 1897, and includes all patients who undergo thoracic surgical resection at M.
D. Anderson Cancer Center. Detailed demographic, clinical, and pathologic data are recorded
using standardized data collection forms. Follow-up clinical information is also collected at each
clinic visit. Patients with completely resected NSCLC with pathologic stages | or Il who do not
receive post-operative adjuvant therapy (either chemotherapy or chest radiotherapy) are eligible
for this protocol. The proposed sample size is 300 subjects.

A query of the Department of Thoracic Surgery clinical research database yielded an initial list
of 559 patients who underwent surgery between January 1, 1997 and December 31, 2001. To
date, the medical records of these 559 patients have been screened, and 362 (64.7%) eligible
subjects have been identified. Our collaborator in the Department of Pathology (Dr. Ignacio
Wistuba) has reviewed these screened patients to confirm tumor histology and to determine if
sufficient surgical tissue samples (paraffin blocks) exist to perform the required
hypermethylation assays. 285 paraffin blocks have been retrieved. 282 subjects have had DAP
kinase and p16 promoter hypermethylation assays performed on their tumor specimens in the
laboratory of Dr. Li Mao. Subjects with available tumor tissue and hypermethylation assays

completed have been entered into the study database.

Update

In the past year, we further conducted a thorough review of the clinical data for these subjects
(gender, age, tumor histology, preoperative clinical variables, performance status, weight loss,
smoking status), and obtained updated follow-up information (date of disease recurrence, date

of death/last follow-up, development of second primary tumors) from our
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institution’s medical
informatics

Characteristic Number (%) gggaa r[-tg]ee(?:lriiseDea th
|
Total number A
" Index, and direct
Gender Sl 128 (45.4) telephone inquiries.
Female 154 (54.8) Patient characteristics
Race i i
— . are summarized in
Black 13 (4.6) Table 1.
Other 14 (5.0}
Smoking Status
Current 113 (40.0)
Farmer 103 (36.5
MNever 66 (2(3.4}) Table 1. Summary of Patient
Stage Characteristics Who Have
;g 535&;76?) Hypermethylation Data of DAP
it 11(39) Kinase and p16 Kinase
i) 44 (15.6)
Histology
Adenocarcinoma 171 (60.6)
Adenosquamous carcinoma 6(2.1)
Bronchioloalveolar Carcinoma (BAC) 8(2.8)
Squamous Cell Carcinoma B2(28.1)
Large Cell Carcinoma 10 (3.5)
Other 5(1.8)
Grade
Well differentiated 43 (15.2)
Moderately differentiated 120 (42.6)
Poorly differentiated 112 (39.7)
7 7(2.5)
ECOG Performance Status
0 178 (63.1)
1 103 (368.5)
2 1(0.4)
Weight Loss »/=5% 18 (6.7)
Outcome Events
Deaths 107 (37.9)
Recurrent NSCLC €0 {21.3)
Second Primary Tumors 23(8.2)
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We are now in the process of conducting correlation analysis between the status of hypermethylation of
DAP kinase and p16 and patient survival and tobacco smoke exposure. Manuscript preparation will
begin shortly thereafter.

This project has produced a valuable clinical-pathological database.

Project 5: An Epigenetic Approach to Lung Cancer Therapy
(Principal Investigator: Reuben Lotan, Ph.D.)

The objective of Project 5 is to examine the potential of using agents such as histone
deacetylase inhibitor SAHA and demethylating agent 5-aza-2-deoxycytidine (5-aza-CdR) that
modulate epigenetic events of deacetylation and demethylation and their combination for
chemoprevention and therapy of lung and head and neck cancers.

In the past year we have made progress in all Specific Aims.

Specific Aim 5.1 To evaluate ability of SAHA and 5-aza-CdR used as single agents
and in combination to inhibit in vitro growth and induce apoptosis in
various lung cancer cell lines

Previously we reported that premalignant lung bronchial epithelial cells and premalignant oral
cavity epithelial cells were very sensitive to SAHA and 5-aza-CdR when used as single agents
while normal cells were less affected by SAHA.

Update

In the past year, we conducted extensive sequential and combination treatments of
premalignant and malignant lung epithelial cells with 5-aza-2-deoxycytidine followed by a
combination of the same agent with SAHA. The sequential treatment resulted in more than
additive growth inhibitory effects and in some dose ranges the results even appeared to be
synergistic. Dr. Jack Lee, who leads the Biostatistics Core, is evaluating the data now.

Specific Aims 5.2 and 5.4 To study mechanism of action of SAHA, 5-aza-CdR and their
combinations on cell growth inhibition and apoptosis
induction

Update

For the last three years, we have made substantial progress in this Aim. We submitted a
manuscript describing our findings on the mechanism of apoptosis induction by SAHA to the
journal Molecular Cancer Therapeutics (Lotan et al., 2005). It has been reviewed favorably but
the reviewers asked for several additional experiments. Therefore, we performed the
experiments required to get the paper published and are preparing to resubmit the revised
manuscript. The new experiments have led to the following results: 1) we used a new antibody
that recognizes both intact and cleaved poly(ADP)ribose polymerase (PARP) and the new data
confirmed that SAHA-induced apoptosis involved cleavage of the caspase-3 substrate PARP; 2
) to determine whether inhibition of Fas signaling and specific caspases increases tumor cell
survival, we used a clonogenic survival assay. We found that blocking activation of specific
caspases and Fas signaling using small interfering RNA (SiRNA) increased tumor cell survival
in the presence of SAHA,; 3) the same SiRNAs also showed that both caspases 8 and 9
mediated apoptosis after SAHA treatment; 4) we also tested the possibility that SAHA activated

17



30 September 2005

death receptors DR4 and DRS5, which bind the ligand TRAIL. Only minor increase in DR4 and
no change in DR5 were noted after SAHA treatment.

Specific Aim 5.3 To determine the ability of SAHA, 5-aza-CdR and their combinations
to inhibit the growth of non-small cell lung cancer cells implanted
subcutaneously in athymic nude mice

Update

We performed the in vivo experiments as described below. Sixty eight female 4-week-old

athymic nu/nu nude mice (Harlen, Inc. Indianapolis, IN) were injected s.c. bilaterally with 1 x 10°

cells of non-small cell lung cancer cell line H157ASRARDeta in 0.1 ml of PBS. The mice were
maintained without any treatment until tumors reached a volume of ~100 mm?®. For
administration to mice, SAHA was dissolved and diluted in a vehicle of DMSO. Each group of

mice received 25, 50, or 100 mg/kg SAHA daily as a single agent or combined with a fixed 5-

aza-CdR dose of 1 mg/kg by i.p. injection. The mice were weighed three times during the

experimental period to assess toxicity of the treatments, and the tumors were measured every
three days using calipers. Tumor volume was calculated from the two-dimensional caliper

measurements using the following formula: Tumor volume = length x (width)?x /6

The treatment period was planned for 21 days when the vehicle-treated group of mice was
expected to develop tumors with about 1 cm diameter. However, the groups that received
1mg/kg 5-aza-CdR only and combination with SAHA (25, 50 and 100 mg/kg) started dying of
toxicity on Day 10 of the treatment. Therefore, we decided to sacrifice all animals to end this
experiment on Day 12 of treatment. This did not compromise the experiment insofar as the
vehicle-treated group (DMSQO) of mice developed tumors with 1 cm diameter by Day 12. On the
final day of the study, all mice were sacrificed by carbon dioxide inhalation and the body and
tumor were weighed. The subcutaneous tumor was removed and divided into two pieces; one
was snap frozen in liquid nitrogen and one was fixed in 10% formalin and embedded in paraffin.
SAHA alone did not cause weight loss or mortality at any of the doses used. However, 5-aza-
CdR was toxic and caused about 50% of mortality by Day 12. The results indicated that SAHA
caused a dose dependent decrease in tumor growth and 5-aza-CdR was also somewhat
effective at 1 mg/Kg. Furthermore, combinations of SAHA and AZA at each SAHA dose were
more effective than either agent alone.

We will repeat the experiments with lower 5-aza-CdR concentrations and lower tumor cell initial
injection to allow for a longer treatment period and will use the tumors for Specific Alm 541to
elucidate the in vivo anti-tumor effects.

Specific Aim 5.4 To investigate mechanisms of in vivo anti-tumor activity of SAHA, 5-
aza-CdR, and their combinations

Once we observe some anti-tumor activity of SAHA, 5-aza-CdR, or their combinations in
athymic nude mice, we can proceed with Specific Aim 5.4.

Specific Aim 5.5 To analyze differential gene expression between untreated and
treated NSCLC cells with SAHA, 5-aza-CdR and their combinations
using Affymetrix oligonucleotide microarrays and characterize
genes that may mediate apoptosis induction.

Update

We completed the analysis of genes that are regulated by SAHA , 5-aza-dC, or the combination

using an Affymetrix oligonucleotide micro array U133A. The Bioinformatics group of the
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Affymetrix Core processed the results of the analysis and found that using a cutoff of 2.5 fold

change, 25 genes were upregulated and 33 downregulated by 5-aza-dC; 58 genes upregulated
and 9 downregulated by SAHA.

In the coming year, we plan to first confirm some of these genes by quantitative -PCR and then
analyze them by using pathway software to determine functions of selected genes as mediators
of cell growth inhibition or apoptosis. For further functional studies, we will overexpress these
genes in cell lines that do not express them or silence them with interfering RNA in cells that
express the genes constitutively.

Project 6: The Role of the Farnesyl Transferase Inhibitor SCH66336 in Treatment of
Carcinoma of the Aerodigestive Tract
(Project leader; Fadlo Khuri, M.D.)

Specific Aim 6.1 To evaluate effects of SCH66336 on Ras downstream signaling and
apoptosis and angiogenesis in lung and head and neck squamous
cell carcinoma cells

Update

Previously, we reported that SCH66336 inhibited cell growth and decreased p-Raf and Akt, but

did not modulate Erk1/2 activities in the head and neck cancer cell lines. In the current study,

we further examined effects of SCH66336 on Akt and Raf/ERK signaling pathways in a panel of

non-small cell lung cancer (NSCLC) cells and found that SCH66336 did not decrease the levels
of p-Akt, Akt, Raf-1, p-ERK1/ERK2, and ERK1/ERK2. In at least two of the cell lines, SCH66336
actually increased p-Akt and p-GSK3p (a well-known substrate of Akt) levels in a dose- and
time-dependent manner (Figure 1). We also examined the effects of another farnesyi

transferase inhibitor (FTI), R115777,

I wwawy BY wEEY on these signaling pathways.
om0 sowens: T T Interestingly, we found that R115777
PRI, e T e — ) gt - m—- - did not decrease the levels of p-Akt,
- o Akt, Raf-1, p-ERK1/ERK2, and
_ o . e o ERK1/ERK2 either. Like CH66336,
o R115777 increased p-Akt and p-
. - GSK3B levels in some NSCLC cell
S i s e e s T lines (Figure 2).
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These results suggest that inhibition of protein farnesylation in some NSCLC cell lines activates
Akt survival signaling pathway. We are currently investigating whether FTl-induced Akt
activation leads to cell resistance to FTls.

Specific Aim 6.2 To evaluate effects of SCH66336 on protein expression in lung and
head and neck cancer cell lines and determine roles of affected
proteins as biomarkers of response to treatment with SCH66336

As proposed in our grant, we planned to use two-dimensional gel electrophoresis (2-DE) and
mass spectrometry strategy to identify proteins whose expression is affected by Farnesyl
transferase inhibitors (FTls), focusing on apoptosis-associated proteins. Since several
laboratories in different institutes have started to use the same strategy to identify FTI — affected
targets, we decided to adopt a different approach.

Currently, there are two major apoptotic pathways, death receptor-mediated pathways and
mitochondrial-mediated pathways (Green et al., 2000). Death receptor 5 (DR5) has attracted
much attention because its ligand TRAIL preferentially induces apoptosis in transformed or
malignant cells, demonstrating potential as a tumor-selective apoptosis-inducing cytokine for
cancer treatment (Wang et al., 2003; Almasan et al., 2003). We also know that certain
therapeutic agents induce the expression of DR5 and trigger apoptosis (Fulda et al., 2004;
Debatin et al., 2004). Thus, we decided to directly examine the effects of SCH66336 on the
death receptor-mediated pathways.

Update
We found that SCH66336 activated caspase-8 and its downstream caspases, whereas the

caspase-8 specific inhibitor Z-IETD-FMK or small interfering RNA (siRNA) abrogated
SCH66336-induced apoptosis. Moreover, SCH66336 increased the expression of DR5 and its
cell surface distribution in NSCLC cells as well as other types of cancer cell lines. The
combination of SCH66336 with its ligand TRAIL further enhanced induction of apoptosis.
Overexpression of a dominant-negative FADD mutant or silencing of DR5 expression using a
SiRNA attenuated SCH66336-induced apoptosis. These results indicate a critical role of DR5-
mediated extrinsic apoptotic pathway in SCH66336-induced apoptosis. Moreover, the potencies
of FTIs on DRS induction are associated with their abilities to inhibit protein farnesylation and to
induce apoptosis. Collectively, we conclude that FTls, particularly SCH66336, induce DR5
expression leading to a caspase-8-mediated apoptosis and enhancement of TRAIL-induced
apoptosis. These effects may be related to their farnesylation inhibitory activity. Detailed work
can be reviewed in the Journal Cancer Research (Sun et al., 2005).

In parallel, we also found that R115777 upregulated DR5 expression and enhanced TRAIL-
induced apoptosis in human NSCLC cells. Silencing of DR5 expression abrogated R115777-
induced enhancement of TRAIL-induced apoptosis, suggesting that R115777 enhances TRAIL-
induced apoptosis through DR5 upregulation. An additional experiment showed that R115777
also increased DR5 mRNA levels, suggesting that R115777 increases DR5 expression at the
transcriptional level. Collectively, we have identified DR5 as a protein that is regulated by FTIs
and plays an important role in mediating FTl-induced apoptosis.

Because the protein c-FLIP is well known to inhibit the death receptor-mediated apoptosis, we
examined the effects of FTIs on c-FLIP. We found that FTIs increased the levels of c-FLIP in
some NSCLC cell lines, particularly those having Akt activation upon FTI treatment, but
decreased c-FLIP levels in other NSCLC cell lines. It seems that cells exhibiting increased c-
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FLIP upon FTI treatment were less sensitive to FTIl-induced apoptosis than those with
decreased c-FLIP on FTI treatment. The impact of c-FLIP modulation in FTl-induced apoptosis
of NSCLC cells is under investigation.

Taken together, we have so far identified two proteins, DRS and c-FLIP, which are modulated
by FTls in FTl-induced apoptosis.

Specific Aim 6.3 To evaluate the efficacy of SCH66336 as an inhibitor of growth and
an inducer of apoptosis in an orthotopic model of head and neck
squamous cell carcinoma

Update
SCH66336 did not work effectively as a single agent in the clinic, thus we will focus our study on

the efficacy of the combination of a FTI with other agents such as PI3K inhibitors or Akt
inhibitors in animal models. We hypothesize that blockage of Akt activation induced by an FTI
will enhance FTI's anticancer efficacy.

Specific Aim 6.4 To investigate mechanisms of farnesyl transferase inhibitor -
induced apoptosis in combination with retinoids such as 4-HPR or
taxanes such as docetaxel and paclitaxel in non-smali cell lung
cancer and squamous head and neck cancer cell lines

As described in the last report, in collaboration with Dr. Giannakakou's group at the Winship
Cancer Institute, we found that SCH66336 increased microtubule stabilization and acetylation,
and suppressed microtubule dynamics. The treatment of the combination of low doses of
SCH66336 with paclitaxel markedly enhanced tubulin acetylation (a marker of microtubule
stability) as compared with either drug alone. Further, we identified that this synergistic effect
required functional histone deacetylase 6 (HDACS6) (a only known tubulin deacetylase), but not
a catalytic-mutant HDACS.

Detailed description of this work can be reviewed in the Journal Cancer Research (Marcus et
al., 2005). '

Project 7: Mechanisms and Therapeutic Applications of the Tumor Suppressor Gene
FUS1 in Lung Cancer

(Project Leaders: Lin Ji and Rajagopal Ramesh)

Specific Aim 7.1 To determine the global molecular changes and cellular responses
to FUS1-mediated tumor-suppressor activities in human NSCLC
cells by high throughput gene and protein expression profiling.

We will use gene microarrays and ProteinChip arrays and an inducible-FUS1 expression
system to determine the gene and protein expression patterns mediated by induction of FUS1 in
NSCLC cells at either a therapeutic or physiological level. The specific targets of FUS1 protein
will be identified by comparison of the gene and protein expression profiles, and proteins of
interest will be isolated.

As reported previously, we have established FUS1-stable transfectants of NSCLC cell lines,
which allow us to detect gene and protein expression changes mediated by FUS1 expression
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under physiological conditions. We have developed a novel two- dimensional liquid
chromatography (2D-LC) method for the fractionation and separation of crude protein lysates
and for protein profiling and identification using a ProteinChip Array-based surface enhanced
laser deposition/ionization time of flight mass spectrometry (SELDI-TOF-MS). We have
successfully applied this technology to perform a proteomic analysis for evaluating modulations
of protein expression in FUS1-expressing tumor cells, compared with non-expressing controls.
From protein expression profiles, we have been able 1o detect more than 50 protein peaks that
represent the differentially expressed protein species in response to the activation of FUS1
protein in lung cancer cells.

Update
In the last year, we have also performed gene expression profiling on RNA samples prepared

from the same inducible FUS1-expression NSCLC cells as used for protein profiling described
above. Instead of using Affymetrix HG-U133A GeneChips, we used more advanced lllumina
Sentrix BeadChips (lllumina Inc., San Diego) for whole-genome expression profiling of multiple
samples on a single chip. The lllumina BeadChip holds six whole-genome human samples on
one chip, interrogating approximately 48,000 transcripts in each sample from the estimated
30,000 genes in the human genome. We have identified approximately 210 genes whose
expression was modulated by the activation of FUS1 in the FUS1-deficient NSCLC cells. We
are now in a process to systematically analyze these FUS1-targeted cellular proteins and genes
based on the protein and gene expression profiles by using an integrated biocinformatics tools
and biological pathway finding software to elucidate the FUS1-activated biological pathways as
we planned in this study.

Specific Aim 7.2 To elucidate the molecular mechanism of FUS1 in lung cancer
pathogenesis by determining the expression and subcellular
localization of the FUS1 protein in human normal lung tissue and
tumor samples at various stages of lung cancer development.

We have previously demonstrated the loss of expression or a defect of myristoylation of the
Fus1 protein in human primary lung cancer and cancer cell lines and showed that myristoylation
is required for Fus1-mediated tumor-suppressing activity. The restoration of the wild-type FUS1
in 3p21.3-deficient non-small cell lung carcinoma (NSCLC) cells significantly suppressed tumor
cell growth by induction of apoptosis and alteration of cell cycle kinetics in vitro and in vivo. We
also found that FUS1 protein directly interacts with the apoptotic protease-activating factor 1
(Apaf-1) and functions as a key mediator in the Apaf-1-mediated apoptosis signaling pathway by
recruiting and directing cytoplasmic Apaf1 to mitochondria and ER membrane and activating it
in situ.

Update

In the last year, we further identified that Apaf-1 protein expression is universally detected in
various lung cancer cell lines, most of which lack FUS1 expression. Activation of wt-FUS1
protein in FUS1-defficient cancer cells recruits cytoplasmic Apaf-1 proteins to the critical
mitochondria and perinuclear membranes for apoptosome assembly and apoptosis induction.
The apaf-1 protein appeared to be inactive in the FUS1-defficient tumor cells as demonstrated
by the lack of the ATPase activity that is essential for the formation of the Apaf1-apoptosome
and the activation of caspase-9. Induced or enforced expression of the endogenous or the
exogenous FUS1 proteins activates Apaf-1 by induction of its ATPase activity in situ through
FUS1-Apaf1 protein interaction, triggers release of Cytochrome C, activates caspases 9 and 2,
and induces apoptosis. These findings are summarized in Figure 1
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As proposed, we further refined the FUS1 protein expression in stage 1 NSCLC by using tissue
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Figure 1. FUS1-mediated activation of Apafi-mediated apoptatic pathway in
human lung cancer. Loss of FUS{ protein expression andlor deficiency of
postiranslational myristoyl modification of FUS1 proteins were found in a majority
(>70%) of human primary lung tumor and tumor-derived cell lines. Apaft were
universally detected in almost all lung cancer cell lines tested but were spatially and
temparally inactive due to lack of the essential ATPase activity. Reactivation of FUS1
in FUS1 deficient tumor cedls, recruits Apaf1 to a crucial mitochondrial or ER and
ser-nuclear membrane subcellulocations, triggers cyto C release, and activate
Apaf1 in situ through a direct protein-protein interaction, and, therefore, facilitates
Apaf1-mediated apoptosome assembly and activation of caspase cascades and
apoptosis

microarrays (Figure 2). We found
that about 45% of these lung
tumors showed a complete loss of
FUS1 expression, 52% exhibited a
marginal low level expression, and
anly 2 of 83 tumors showed a
normal level of FUS1 expression.
These resulits suggest a role of
FUS1 as a potential tumor
suppressor and a role in lung
cancer development due to the
inactivation of FUS1 in primary lung
cancer possibly by a mechanism of
haploinsufficiency in human
chromesome 3p21.3 region.
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Figure 2. FUS1 IHC Staining from the Tissue Microarray in Stage | NSCL Patients (n = 83). The scale is 0-2 with
2 being the most intense staining. It is interesting that about half the patients show no staining. For comparison we
need to know the level of expression in normal tissues. This is the first large series for FUS1 IHC.

Specific Aim 7.3

To quantitatively evaluate interactions of the FUS1 gene with other

3p21.3 TSGs for their tumor-suppressing activities in vitro and in

vivo

We propose to study the additive, synergistic, or antagonistic effects of the interactions of the

FUS1 gene with other 3p21.3 tumor suppressor genes.

Update

As reported previously, we noticed that the tumor suppression function of FUS1 and several
other potential 3p21.3 TSGs were directly or indirectly dependent of p53 activity. In this study,
we evaluated the combined effects of FUS1 and p53 on tumor cell growth and apoptosis
induction in NSCLC cells co-transfected with FUS1- and p53-nanoparticles and explored
molecular mechanisms of their mutual actions in vitro. We found that co-expression of wt-p53
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with the wt-FUS1, but not the dysfunctional myristoylation-deficient mutant (mt-FUS1),

synergistically inhibited cell proliferation and induced apoptosis in various human NSCLC cells
(Figure 3). We found that the observed
synergistic tumor suppression by FUS1 A. Cell Growth

| B. Apoptosis
and p&3 concurred with the FUS1- - _
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cellular com poneﬂts in the pathways Figure 3, Effects of co-expression of FUS1 and p53 on tumor cell growth and
. s el apoptosis in NSCLC H1299 and H322 cells. H1299 (FUS1 and p53-nun) and

regulating p53 and Apaf-1 activities. H322 (FUS1-nun and p53-mutant) cells were co-transfected with FUS1- and ps3

plasmid DNAs for 48 h. Cell viability was determined by a XTT asay and apoptosis

by TUNEL-staining with FACS, respectively. mt-FUS1, dysf ional mutant of wt-

Another aspect we investigated but FUSY;
beyond the scope of the proposed work

is to determine interaction effects of FUS1 with chemotherapy or radiotherapy on anti-tumor
activity of lung cancer. We evaluated the anti-tumor effects of over-expressed FUS1, or FUS1
plus p53, with DNA-damaging agents cisplatin (CDDP) and y-radiation on human NSCLC cells
and explored molecular mechanisms of their mutual actions in vitro. We found that enforced
expression of FUS1, or FUS1 plus p53, enhanced the sensitivities of NSCLC cells to these
DNA-damaging agents. We also found that coexpression of p53 with wild type FUS1 (wt-FUS1),
but not its dysfunctional myristoylation-deficient mutant (mut-FUS1), significantly enhanced
sensitivities of NSCLC cells to treatment with CDDP or radiation. Moreover, we found that the
observed enhancement of chemosensitivity and radiosensitivity by FUS1, or FUS1 plus p53, is
associated with FUS1-mediated down-regulation of Mdm2 expression and the resultant
accumulation of p53 as well as the up-regulation of Apaf-1 expression in NSCLC cells.

Specific Aim 7.4 To determine the dose-limiting toxicity and biodistribution of the
FUS1-lipoplex in a murine model and in a non-human primate model
and to evaluate the therapeutic effect of the FUS1-lipoplex in local,
solid tumors and experimental metastatic lung tumors.

Results from these preclinical studies in this Aim have been summarized and reported
previously. These studies were used for a successful filing of a Phase | clinical trial for FDA

approval. Currently, the systemic treatment of DOTAP:cholesterol:FUS1 DNA complexes is in a
Phase | trial for late stage lung cancer patients.

Specific Aim 7.4 has been accomplished.

Project 8: Therapeutic Targeting of bcl-xI Expression in Non-Small Cell Lung Carcinoma
(Principal Investigator: W Roy Smythe, M.D.)

The project was completed and reported in 2004.
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Project 9: Use of Perfluorocarbons to Enhance Pulmonary Gene Transfer
(Principal Investigator: Ara Vaporciyan, M.D.)

In the past year, our laboratory encountered a number of delays. Some personal issues
resulted in loss of manpower for two months. In addition, an adequate amount of the adenoviral
vector and the B-gal substrate were not available for the experiments. A new supply of
adenoviral vector and adequate source of the B-gal thus had to be prepared.

Specific Aim 9.1 To determine the ability of PFC to diminish the immune response,
both innate and subsequent cellular and humoral responses, to
intratracheal administration of adenoviral vector

As described in the last report, we found that intratracheal administration of adenovirus allows
transfection in the lung parenchyma only and the transfection efficiency was significantly
increased when followed by intratracheal administration of PFC. However, the second
pulmonary transfection after repeated administration of adenovirus and then PFC was not
successful. This year, we repeated those experiments, but the results confirmed our previous
findings. Since we could not carry out Specific Aim 9.1 to define the immune response by PFC,
we thus decided to discontinue the study. The budget for this Aim has been reallocated to other
TARGET projects.

Specific Aim 9.2 To determine the ability of PFC to enhance repeated gene transfer
through reduction and mechanistical disruption of the humoral
response

Based on our preliminary in vitro data, PFC applied directly to lung cancer cell lines in culture
can increase the transfection ability of both adenovirus and liposomal vectors. The well-
characterized cell lines A549 and H460, when exposed to PFC for 30 minutes prior to
transfection with adenoviral vector, had an increased expression of the vector by 80% and 41%
respectively. The results using a liposomal vector showed an equally enhanced expression.

However, as mentioned above, when we intratracheally administered adenovirus followed by
PFC to animals, they had a greatly diminished expression of the vector although the first
injection generated a favorable expression. We found that the animal lung contained a
significant amount of PFC even 21 days after the first injection. We speculated that the residual
PFC in the lung might cause the poor transfection. Thus, this year, we attempted to adopt
another approach, hoping to prevent the accumulation of PFC within the alveolar compartment
of the lung.

We exposed animals to PFC via an intravenous injection followed by intratracheal
administration of adenoviral vector. Animals were initially injected intravenously with a 5mi/kg
dose of PFC. However, the majority of the animals receiving this dose were unable to survive.
Death ensued within 10 to 20 minutes of injection. Assays for lipopolysaccaride (LPS) revealed
no detectable levels of PLS in the PFC source thus indicating that a contaminated supply of
PFC was not a cause of the animals’ death. Repeated experiments using this dose resulted in
the same outcome. Autopsy of the animals revealed a pale lung tissue. When this tissue was
homogenized and the homogenate was allowed to settle, a definite layer of PFC could be seen.
It was apparent that the PFC was unable to travel through the pulmonary capillary bed and was
trapped in the lung limiting pulmonary blood flowing and resulting in animal death. A reduced
dose of 1 ml/kg of PFC was therefore utilized. These animals survived overnight but uniformly
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succumbed 12 hours after the injection. Autopsy of these animals identified a similar problem
as seen in the higher dosed animals.

There are fluorocarbon compounds of PFC specifically designed for intravenous injection. Use
of these fluorocarbon PFCs may prevent death and allow enhanced transfection via the method
described above. Attempts were made to contact a company that would provide the source for
the intravenous formulation of PFC. Alliance Pharmaceuticals is an American corporation that
did produce two forms of these fluorocarbon PFCs. The first agent was designed for liquid
ventilation (named Liquivent) and the second was designed for intravenous injection as a blood
replacement (named Oxygent). We had initially attempted to obtain Liquivent when we began
our studies with PFC but Alliance Pharmaceuticals was unable to provide any Liquivent due to
ongoing clinical trials exploring its role in liquid ventilation. They now no longer produce this
product. We again attempted to contact Alliance Pharmaceuticals to obtain the intravenous
PFC product, Oxygent, however the company has entered into an agreement with a Chinese
pharmaceutical company to produce and test this agent for blood conservation during surgery.
As a result, they are unable to provide any of the material to our laboratory.

Therefore, in the coming year, we will switch back to test the intratracheal administration of PFC
with intravenous injection of a liposomal vector since, as we demonstrated previously, the
animals could not tolerate intratracheal injection of liposomal vector.

Specific Aim 9.3 To determine the ability of PFC to allow continued penetration of the
pulmonary parenchyma in the setting of an animal model of severe
emphysema

Specific Aim 9.4 To determine the ability of PFC-mediated gene transfer to effectively
transducer a model of multifocal lung cancer

If we succeed in Specific Aim 9.2, we can proceed with Specific Aims 9.3 and 9.4.

Project 10: Development of Novel Murine Models of Lung Cancer and Evaluation of
Antiangiogenic Agents
(Principal Investigators: Roy Herbst, M.D., Ph.D. and Michael O’Reilly, M.D.)

The primary goal of this project is to provide a rational basis for use of antiangiogenic agents
with conventional and emerging modalities in the treatment of lung cancer.

Specific Aim 10.1  To develop and validate orthotopic and metastatic murine lung
cancer models for testing the efficacy of anti-angiogenic agents
alone and in combination with cytotoxic agents

As reported last year, we have developed and validated murine models of orthotopic and
metastatic human lung cancer for testing the efficacy of antiangiogenic agents alone and in
combination with cytotoxic chemotherapy. Experimental murine models of primary human non-
small cell and small cell lung cancer are now in place to study the biology and therapy of human
lung cancer. Our publications in Clinical Cancer Research (Onn et al., 2003) and AACR abstract
(Isobe at al, 2004) describe the details of the study.

This Specific Aim has been accomplished.
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Specific Aim 10.2  To evaluate effects of anti-angiogenic agents alone and in
combination with chemotherapeutic agents in orthotopic and
metastatic murine models of human lung cancer

Update -
We reported last year that using our primary and metastatic lung cancer models we completed

studies of antiangiogenic therapy alone and in combination with chemotherapeutic agents.

An oral angiogenesis inhibitor ZD6474 that targets VEGFR2 and EGFR resulted in the near
complete suppression of malignant growth of established lung tumors and prevented pleural
effusion formation and inhibited chest wall invasion in our orthotopic lung model. In contrast,
systemic weekly therapy with Taxol had little or no effect on lung cancer progression. A
manuscript describing the findings was submitted to Journal of Clinical Investigation (Wu et al.,
2003). These studies have also provided preliminary data for an R01 grant application we are
currently working on (we withdrew the PO1 grant application submitted last year).

In addition, ZD6474 was effective against lung adenocarcinoma in our brain and bone
metastatic models. The activity of ZD6474 was enhanced by combined therapy with Taxotere
or Taxol in the brain metastatic models (lung adenocarcinoma), but Taxol antagonized ZD6474
activity in the bone metastatic model, suggesting that organ microenvironment influences
response to combined antiangiogenic and cytotoxic therapies. These data were presented at
the annual meeting of AACR (Wu et al, AACR, 2004).

We have initiated a new clinical trial with antiangiogenic therapy combined with chemotherapy.
This Specific Aim has been accomplished.

Specific Aim 10.3  To optimize combinations and sequences of anti-angiogenic therapy
with chemotherapy for treatment of lung cancer

Update
We are currently studying ZD6474 in combination with Taxol and a new multitargeted anti VEGF

agent ZD2171, alone and in different sequences with chemotherapy.

Specific Aim 10.4  To develop surrogate markers of response to therapy using
immunohistochemical and gene expression analysis of tumor
tissues

Previously, we reported that endothelial cell apoptosis preceded tumor cell apoptosis after
ZD6474 treatment in the orthotopic human lung adenocarcinoma murine model, suggesting that
the effect on the vasculature may be a useful surrogate for tumor response to ZD6474,

Update

We are soon to initiate a clinical trial that will study ZD6474 in untreated NSCLC patients. The
mandatory tumor biopsies from this trial will be used to evaluate endothelial cell apoptosis and
inhibition of VEGFR and EGFR receptor phosphorylation, which could be used as surrogate
endpoints of ZD8474 effect.
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Core B: Biostatistics & Data Management Core
(Core Director, J. Jack Lee, Ph.D.; Core Co-Director, B. Nebiyou Bekele, Ph.D.)

Core Goals:

» To provide the statistical design, sample size and power calculations for each project.
« To facilitate prospective data collection and quality control of data for animal
experiments and basic science studies associated with the TARGET program.
+ To provide all statistical data analysis including descriptive statistical analysis,
hypothesis testing, estimation, modeling of prospectively generated data.
To generate statistical reports for all projects.
To collaborate and assist all project investigators in the publication of scientific results.

From the inception of the TARGET program, the Biostatistics and Data Management Core has
worked actively with the project leaders in their research efforts, especially in the areas of
biostatistical advice and consulting, the initial design of studies, and analysis of experimental
results.

In the last year, the Core, in collaboration with Dr. Ruth Katz (Investigator on Project 1),
analyzed various data sets relating to the relationship between deletions of the 3p and 10q
genes and overall survival for patients with NSCLC. The results were published in Cancer
(Barkan et al., 2005). Three more articles are in preparation.

We has also assisted Dr. Charlie Lu’'s project (Project 4). In collaboration with Dr. Lu, we have
analyzed six molecular factors including DAP kinase potentially prognostic for overall survival of
resectable Stage | NSCLC patients. The data were published in Journal of Clinical Oncology
(Lu et al., 2004). Currently, we are in the process of analyzing the correlation between
hypermethylation of DAP kinase and patient survival.

In addition, Dr. Jack Lee, in collaboration with Dr. Reuben Lotan (Principal Investigator of
Project 5), is evaluating the data of growth inhibitory and apoptosis effects of histone
deacetylase inhibitor SAHA and demethylating agent, 5-aza-2-deoxycytidine, on lung cancer
cell lines generated in Specific Aim 5.1.
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KEY RESEARCH ACCOMPLISHMENTS:

Project 1: Molecular Epidemiclogy of Lung Cancer

Found statistically significant correlations between 1) 3p deletion in touch preparations
from tumor, normal, and adjacent sides and pack-years smoking; 2) 3p deletion in
bronchial brushes and in touch preparations both from tumor side; 3) telomere length in
peripheral blood lymphocytes and in epithelial cells of bronchial brushings on normal
side (p<0.0001), but not significant on tumor side (p=0.0838); 4) telomere length in
epithelial cells of bronchial brushings on normal side and in epithelial cells of bronchial
brushings on tumor side (P=0.0001).

Found significantly inverse association of 1) telomere length in epithelial cells of
bronchial brushings on tumor side with 3p aberrations in bronchial brushings from the
tumor side (p=0.0013) and the normal side (p=0.0021), also with 3p aberrations in touch
prep from the tumor tissues (p=0.0064) and the adjacent normal tissues (p=0.0083); 2)
telomere length in epithelial cells of bronchial brushings on the tumor side with 10g
aberrations in bronchial brushings from the tumor side (p=0.0261), normal side
(p=0.0023), as well as with 3p aberrations in touch prep from the adjacent normal
tissues (p=0.00861).

Found 1) significantly positive association of DNA-damaging agent BPDE sensitivity in
lymphocytes with 3p deletion (p=0.0066) and aberrations (p=0.0024) in lymphocytes; 2)
borderline significant association with 10q aberrations (p=0.0570) in lymphocytes.

Project 2: Genetic Instability by Smoking Status

L d

FISSR-PCR together with microdissection is sufficiently sensitive to quantify clonal and
subclonal changes in lung tissues, including tumor, normal bronchial epithelium, and
even stromal regions.

FISSR-PCR data provide validation of prior studies utilizing premature chromosome
condensation, in situ hybridization, and LOH analysis that lung tumorigenesis represents
a field process where tobacco exposure can create genetic changes throughout the
exposed lung tissue leading to the presence of muiltifocal clonal outgrowths.

The levels of clonal alteration found in the bronchial epithelium tend to be less than that
found in the adjacent tumors.

Weak concordance between the levels of clonal alteration in the tumor and in the normal
bronchial epithelium was observed. This finding is important in the setting of estimating
risk of individuals without cancer since it suggests that random biopsies can still provide
quantitative information for the tissue field as a whole.

Project 3: Epithelial Biomarkers of Lung Cancer: Evaluation of Airway Secretions to

Study Lung Carcinogenesis
Identified 23 unique proteins in the apical surface fluid from the squamous metaplasia,
including squamous cell carcinoma antigens (SCCA), annexin | and Il, S100A9, and
S100A8.
Expression of SCCA1 and 2 was progressively increased in transformed/tumorigenic cell
lines and only detected in well-differentiated squamous cell carcinoma, not in
adenocarcinoma cells,
Confirmed that the WNT, apoptosis, and cell cycle pathways were concurrently

deregulated in NSCLC cells as compared to organotypically cultured normal bronchial
epithelial cells.
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» Successfully generated bronchial epithelium recapitulating in vivo bronchial epithelium
using primary bronchial epithelial cells isolated from surgically resected lung tissue
specimens.

Project 4: Prognostic Role of Promoter Hypermethylation of Death-Associated Protein
(DAP) Kinase and p16 in Early-Stage Non-Small Cell Lung Cancer
¢ Completed biomarker assays and updated clinical follow-up data.
» Created a valuable database that will enable the conduct of future exciting molecular
prognostic studies.

Project 5. An Epigenetic Approach to Lung Cancer Therapy

e Established the mechanism by which SAHA induces apoptosis as the increased
expression of Fas (death receptor) and activation of the Fas ligand/Fas mediated
apoptosis pathway.

 Discovered subsets of genes that are either up or down regulated by SAHA alone, 5-aza
alone, or by their combination.

» Discovered that SAHA and 5-aza-CdR each alone has anti-tumor activity but their
combination is more effective than each agent alone.

Project 6: The Role of the Farnesyl Transferase Inhibitor SCH66336 in Treatment of
Carcinoma of the Aerodigestive Tract

o FTis (SCH66336 and R115777) induce growth arrest and apoptosis independent of Akt
and Raf/ERK signaling pathways in human NSCLC cells.

« SCH66336 and R115777 activate Akt surviving pathways in some FTl-resistant NSCLC
cell lines.

e FTis increase DR5 expression and enhance TRAIL-induced apoptosis. Induction of DR5
expression contributes to SCHB6336-induced apoptosis.

e FTls modulate the expression of FLIP either by decreasing its expression or by
increasing its levels, depending on cell lines.

« DR& and FLIP were identified to be FTl-regulated genes.

= The functional HDACS is required for the synergistic effect of SCH66336 with taxanes.

Project 7. Mechanisms and Therapeutic Applications of the Tumor Suppressor Gene
FUS1 in Lung Cancer

» Identified many cellular targets in FUS1-mediated tumor suppressor activities in lung
cancer cells by a high throughput gene and protein expression profiling using
technologies of gene microarrays and ProteinChip arrays.

e Demonstrated that Fus1 functions as a key mediator in Apafi-mediated mitochondrial
apoptosis pathway by recruiting and directing cytoplasmic Apaf1 protein to a critical
cellular location and activating it in situ through a direct protein-protein interaction, and,
therefore, facilitating Apaf1-mediated apoptosome assembly and activation of the
caspase cascades and apoptosis.

» Co-expression of FUS1 and p53 could synergistically inhibit lung cancer cell growth and
the wt-Fus1 may play a critical role in modulating the sensitivity of tumor cells to the
chemotherapeutic agents, especially DNA damaging agents such as Cisplatin, and to
ionizing radiation.

* The systemic treatment of DOTAP:cholesterol:FUS1 DNA compiexes is in a Phase | trial
for late stage lung cancer patients.
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Project 9: Use of Perfluorocarbons to Enhance Pulmonary Gene Transfer
s Intravenous administration of regular PFC caused animal death, thus not suitable for the
study of ability of PFC to enhance repeated gene transfer of adenovirus vector.

Project 10: Development of Novel Murine Models of Lung Cancer and Evaluation of
Antiangiogenic Agents
+ Developed and validated murine models of orthotopic and metastatic human lung cancer
o Evaluated effects of antiangiogenic therapy alone and in combination with
chemotherapeutic agents using the orthotopic and metastatic lung cancer models.

Core B: Biostatistics & Data Management Core

» Provided statistical supports for projects 1, 4, and 5, leading to two publications in the
journals of Cancer and Journal of Clinical Oncology.

REPORTABLE OUTCOMES

Manuscripts:

1. Barkan GA, Caraway NP, Jiang F, Zaidi TM, Fernandez R,Vaporciyan A, Morice R, Zhou X,
Bekele BN, Katz R. Comparison of molecular abnormalities in bronchial brushings and
tumor touch preparations. Cancer 105: 35-43, 2005.

2. Ju Z, Kapoor M, Newton K, Cheon K, Ramaswamy A, Lotan R, Strong LC, Koo JS. Global
detection of molecular changes reveals concurrent alteration of several biological pathways
in non-small cell lung cancer cells. Mol Genet Genomics Jul 28;1-14, 2005.

3. LinJi, John D. Minna, Jack A. Roth. 3p21.3 Tumor Suppressor Cluster: Prospects for
Translational Applications. Future Oncology 1: 79-92, 2005.

4. Lu C, Soria JC, Tang X, Xu XC, Wang L, Mao L, Lotan R, Kemp B, Bekele BN, Feng L,
Hong WK, Khuri FR . “Prognostic Factors in Resected Stage | Non-Small Cell Lung Cancer
(NSCLC): A Multivariate Analysis of Six Molecular Markers”. J Clin Oncol 22: 4575-83,
2004.

5. Marcus Zhou J, O'Brate A, Hamel E, Wong J, Nivens M, El-Naggar A, Yao TP. Khuri
FR, Glannakakou P. The synergistic combination of the farnesyl transferase
inhibitor lonafarnib and paclitaxel enhances tubulin acetylation and requires a
functional tubulin deacetylase. Cancer Res 65: 3883-3893, 2005.

Abstracts and Presentations:

1. Etzel CJ, Zhang Q, Schabath M, Dong Q, Wu XF, Wei QY, Spitz MR. Building a
comprehensive quantitative risk assessment model for lung cancer. Proc. AACR 46: #4051
2005.

2. Guanglin Wu, Futoshi Uno, Ralph Arlinghuas, Vikas Kundra, John D. Minna, Jack A. Roth,
Lin Ji. Inactivation of c-Abl and c-Kit activities and inhibition of SCLC cell growth by a
combination treatment with FUS1-nanoparticle and Gleevec in vitro and in vivo. Proc. AACR
486: #5021, 2005.
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Research Opportunity

Initiated a new Phase Il clinical trial with antiangiogenic therapy combined with
chemotherapy for non-small cell lung cancer patient based on the findings of Project 10.

Grant Application

RO1 grant application (2005): Vascular targeted therapy of non-small cell lung cancer (PI:
Roy Herbst, M.D.)
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CONCLUSIONS

In the third year of the grant period, most of the projecis are nearly completed in terms of their
specific aims and should be finished with the one-year unfunded extension in 2006. Over the
year, 5 manuscripts have been published and several others submitted to peer-reviewed
journals including Nature, Journal of Clinical Investigation, and Cancer Research. We are
applying for a new R01 grant and a new phase Il clinical trial will be initiated. We can report the
following conclusions.

Project 1 identified some statistically significant correlations among genetic markers including
3p deletion and aberration, 10q aberration, telomere length, and DNA repair sensitivity within
target tissue (normal side vs tumor side) and surrogate tissue. The concordance of these
markers in paired surrogate and target tissues is not yet established.

Project 2 optimized the FISSR-PCR technique which was sensitive enough to quantify clonal
and subclonal changes in lung tissues and validated prior studies using different techniques
such as FISH. Effects of smoking status and chemopreventive intervention on clonal outgrowth
haven't been finalized by using FISSR-PCR.

Project 3 found some secreted proteins (SCCA1 and SCCA2) from squamous metaplastic
bronchial epithelia, but their efficacy as novel biomarkers to detect early carcinogenesis of
squamous cell carcinomas in the lung is under study and will be completed in 2006.

Project 4 completed collection of hypermethylation data of DAP kinase and p16 and relevant
patient data and is now in the process of conducting correlation analysis between the status of
nypermethylation of DAP kinase and p16 and patient survival and tobacco smoke exposure to
determine prognostic role in early-stage non-small cell lung cancer.

Project 5 found the anti-tumor activity of histone deacetylase inhibitor SAHA and demethylating
agent 5-aza-CdR in vitro and SAHA-induced apoptosis was via activation of Fas-mediated
apoptosis pathway. Their anti-tumor activities in vivo are under study and will be completed in
2006.

Project 6 demonstrated that farnesyl transferase inhibitor SCH66336 induced apoptosis by
increasing DRS expression and TRAIL-induced apoptosis, independent of downregulating Akt
and Raf/ERK pathways. The synergistic effect of SCH66336 with taxanes required the
functional HDACS.

Project 7 revealed a novel molecular mechanism involving FUS1-mediated tumor suppression
function and its interaction with other cellular components in the pathways regulating p53 and
Apaf-1 activities. The findings imply that a treatment targeting multiple pathways by combining
functionally synergistic tumor suppressors such as FUS1 and p53 with chemotherapy or
radiotherapy may be an effective therapeutic strategy for NSCLC and other cancers.

Project 9 has not generated positive results based on the proposed studies and a final attempt
is ongoing. Conclusions will be drawn in 2006.

Project 10 concludes that the orthotopic murine model of lung cancer is a valuable tool to test
the antiangiogenic agents and their combination with cytotoxic agents. The model! provides a
rational basis for development of anti-angiogenic therapy with conventional and emerging
modalities in the treatment of lung cancer.
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Biostatistics & Data Management Core is providing ongoing statistical support for Projects 1,
4, and 5.
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BACKGROUND. Preneoplastic lung lesions and early-stage lung carcinomas are
associated with molecular abnormalities. The authors performed a pilot study to
evaluate the use of DNA fluorescence in situ hybridization (FISH) probes to
ascertain whether these biomarkers can predict nonsmall cell lung carcinoma
(NSCLC).

METHODS. Fourteen bronchial brushings ipsilateral to the tumor (BB/Ts), tumor
touch imprints, and touch imprints of the bronchus adjacent to the tumor ob-
tained from 15 patients with early-stage NSCLC were analyzed. The LAVysion
multicolor probe set consisting of probes to 5pl5, 6, 7pl2, and 8g2 and the
in-house probes 3p22.1 and 1022 was used. Using the LAVysion multicolor probe
set, 25 epithelial celis were counted and considered positive if > 5 cells were
abnormal. Using 3p22.1 and 10g22, = 100 nuclei per slide were scored. The results
were tabulated as the percentage of cells with deletions compared with the centro-
meric probes 3 and 10. Greater than 2% of the deletions were positive for 3p22.1 and
10q22. Bronchial washings from patients without lung tumors were used as controls.
RESULTS. The BB/Ts were negative for malignant cells by cytologic evaluation and
the LAVysion probe set; however, the combined in-house probes for 3p22.1 and
10922 tested on BB/Ts predicted cancer in 100% of cancer patients. FISH positivity
in the lung cancers was 100% for 3p22.1 deletions, 79% for 10g22 deletions, and
57% for LAVysion probes. When compared with the bronchial epithelium, tumor
cells showed a 3.7-fold excess of 3p22.1 deletions, a 2-fold excess of 10q22 dele-
tions, and a 12.6-fold excess of abnormal cells.

CONCLUSIONS. The current study indicated that detection of molecular abnormal-
ities in bronchial epithelial cells via FISH was very useful in identifying patients at
high risk for developing lung carcinoma. The molecular abnormalities identified in
the BB/Ts were detected at elevated levels in the tumor specimens. Cancer (Cancer
Cytopathol) 2005;105:35-43. © 2004 American Cancer Society.

KEYWORDS: lung, nonsmall cell, cancer, fluorescence in situ hybridization, early
detection, bronchiat brushing.
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ung carcinoma is the leading cause of cancer

deaths and accounts for 28% of all deaths in the
United States annually. Furthermore, the American
Cancer Society estimated that there would be 169,500
new cases of lung carcinoma in 2001.' The mortality
rate of lung carcinoma is almost 90%, and the 5-year
survival rate in patients with advanced-stage lung car-
cinoma is 2.5%.%* The high mortality rate is due, in
part, to the lack of an effective diagnostic modality for
early detection. Although chest X-rays and sputum
cytology have long been used as screening modalities,
these tests do not detect a sufficient number of lung
carcinomas at an early enough stage to improve sur-
vival.* For this reason, lung carcinoma screening is not
a routine practice in the general public or even among
those at increased risk for lung carcinoma, such as
smokers. Thus, new methods are needed to detect
early-stage lung carcinoma and its precursors in pa-
tients at high risk.

In recent vyears, several chromosomal and
molecular abnormalities have been identified in non-
small cell lung carcinomas (NSCLC), even at early
stages, although early-stage carcinomas have been
found to have fewer molecular alterations than ad-
vanced-stage carcinomas. Lung carcinoma develop-
ment has been proposed to reflect a field cancer pro-
cess in which the whole lung is exposed to a
carcinogenic insult, such as tobacco smoke, increas-
ing the risk of multistep tumor development in the
respiratory tract epithelium.> We hypothesized that a
pattern of genetic abnormalities involving chromo-
somal regions 3p, 5q, 7p, 8q, and 10q in bronchial
epithelial cells obtained from bronchial brushings
from the tumor side (BB/Ts) is an early indicator of
lung carcinoma. In the current study, we sought to
determine whether a field effect exists in cytologically
normal epithelium of the bronchial tree in the pres-
ence of established lung carcinoma with the use of
DNA fluorescence in situ hybridization (FISH) probes.
This information may be useful in identifying patients
at high risk for developing lung carcinoma via endo-
scopic brush cytology.

MATERIALS AND METHODS

Patient and Control Population

Fifteen patients with NSCLC were entered into our
prospective study. All of them had a lung mass that
was operable. In addition, none of them had under-
gone chemotherapy or irradiation. Fifteen control
subjects were selected from a group of individuals
who were at high risk for developing lung carcinoma
due to their smoking history but did not have a de-
tectable lesion on a chest X-ray. Written informed
consent for participation was obtained through an

institutional review board protocol. All of the patients’
and control subjects’ charts were reviewed for a sig-
nificant medical history and smoking history. The pa-
tients’ histologic lung sections were also reviewed.

Specimens

The patients underwent bronchoscopy just before sur-
gical excision. Bronchial brushings were taken from
the main stem bronchus on the tumor-bearing side.
After the excision, touch imprints from the resected
lung tumors (TP/Ts) and from macroscopically unre-
markable bronchi adjacent to the tumors (TP/ABs)
were made. Also, bronchial washings (BWs) taken
from the control subjects were used as controls.

Specimen Preparation

BB/Ts were obtained from only 14 of the 15 patients.
The BB/Ts were received in saline. Cytospins were
prepared for cytology and FISH analysis. The cytology
slides were fixed in Carnoy solution and stained with
Papanicolaou stain, whereas the air-dried slides were
stained with Diff-Quik (Baxter Scientific, Deerfield,
IL). The cytologic features of all of the specimens
(BB/Ts, TP/Ts, and TP/ABs) were assessed. Both the
cytospins and touch imprints were fixed for FISH in
methanol and acetic acid at a ratio of 3:1 before label-
ing. Cytospins were also prepared for the control sub-
jects and stained with Papanicolaou stain. As in the
study cases, FISH was performed for three probe sets.

DNA Probe Sets

Three probe sets were used. One was the commer-
cially available multicolor probe set LAVysion (Vysis,
Downers Grove, IL). This set included four probes: a
centromeric probe to chromosome 6 generated from a
repetitive probe sequence and three unique sequence
probes to 5p15 (LSI 5p15), 7p12 (LSI EGFR), and 8q24
(LSI MYC). The probes were labeled with Spectrum
Aqua, Spectrum Green, Spectrum Red, and Spectrum
Gold, respectively. The second probe set included cen-
tromeric 3 (CEP3; Vysis) and the locus-specific probe
3p22.1, which was developed in-house. The third
probe set consisted of centromeric 10 (CEP10; Vysis)
and the locus-specific probe 10g22, which was also
developed in-house. These probes were mixed with
blocking DNA, enriched in repetitive sequences, and
hybridized to the specimens.

DNA for 3p22.1 and 10922 was labeled by using a
nick translation kit (Roche Diagnostics Corporation, In-
dianapolis, IN). DNA and the labeling enzyme were
placed in a 15 °C water bath for 1 hour. Next, the probe
was transferred to ice. A gel was run to determine the
length of the DNA fragments, which had to be 500-2000
base pairs. The probe was then placed in a 65 °C water
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TABLE 1

Univariate Analysis of Distribution of Covariates by Cancer Status

Cancer No. Mean SD Minimum Median Maximum P value

Age 0.004
No 15 56.9 111 42 57 83
Yes 15 69.8 7.5 57 71 84

Pack-years 0.33
No 15 376 25.0 0 30 87
Yes 15 488 33.2 0 50 120

3p:CEP3-BB/T < 0.0001
No 15 12 0.9 0 1 2
Yes 15 72 33 3 7 14

3P:CEP3-TP/T < 0.001
No 15 12 0.9 0 1 2
Yes 15 239 132 9 22 53

3P:CEP3-TP/AB < 0.001
No 15 1.2 0.9 0 1 2
Yes 13 7 3.8 2 6 16

10q:CEP10-BB/T 0.0002
No 14 0.8 0.8 0 1 2
Yes 15 4 21 2 4 9

10q:CEP10-TP/T < 0.001
No 14 0.8 08 0 1 2
Yes 15 137 7.0 5 10 27

10q:CEP10-TP/AB <0.001
No 14 0.8 08 0 1 2
Yes 13 6 33 3 5 14

| AVy-BB/T 0.25
No 15 0.3 0.5 0 0 1
Yes 14 11 17 0 0 5

LAVY-TP/T < 0.001
No 15 0.3 0.5 0 0 1
Yes 14 8.6 8.1 0 6 23

LAVY-TP/AB 0.28
No 15 03 0.5 0 0 1
Yes 12 0.8 12 0 0 3

BB/T: bronchial brushing on tumor side; LAVy: LAVysion; 3p:CEP3: ratio of 3p deletions to CEP3; 10q:CEP10: ratio of 10q deletions to CEP10; TP/T: touch preparation
of tumor; TP/AB: touch preparation of adjacent bronchus; SD: standard deviation.

bath for 15 minutes and stored in a 20 °C freezer. The
detailed methodology for this in-house probe prepara-
tion was described previously by Jiang and Katz.®

Fluorescence In Situ Hybridization Procedure

Slides were immersed in 2 X standard sodium citrate
(S8C) for 3 minutes at 77 °C and then in a protease
solution (50 mL of 1 X phosphate-buffered saline
[PBS], pH < 2.0, and 25 mg of protease). Protease
digestion was then performed (5-6 minutes for cyto-
spins and 7-8 minutes for touch preparations). Slides
were then washed in 1 X PBS for 5 minutes and
subsequently fixed in a 1% formaldehyde solution for
5 minutes. Afterward, the slides were again washed
with 1 x PBS for 5 minutes and dehydrated in sequen-
tial 70%, 85%, and 100% ethanol solutions. After a brief
period of drying, the probe mixture was applied to the

target areas on each slide, covered with a coverslip,
and sealed with rubber cement. The slides were then
kept in a hybrid machine (Vysis) for =z 20 hours at
37 °C. After the rubber cement and coverslips were
removed, the slides were washed in a 50% formamide
solution (pH 7.45) in 3 separate jars for 10 minutes
each at 45 °C. Next, the slides were washed in 2 X SSC
for 10 minutes at 45 °C and then in 2 X SSC/0.1%
ethoxylated octyl phenol (NP-40) for 10 minutes. The
slides were then dried. Slides were counterstained
with 4’ 6-Diamidine-2-phenylindole dihydrochloride
(DAPIL; 10 uL per slide), coverslipped, and viewed un-
der a fluorescent microscope (Leica DWRXA or Leica
DMLB; Leica Microsystems, Inc., Buffalo, NY) with the
appropriate filters for the probes.

Using the LAVysion multicolor probe, 25 nonover-
lapping cells with distinct signals were counted per
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sample, and the chromosomal abnormalities were
scored. A cell was abnormal if it had aneusomy of two
or more chromosomes. If more than five cells were
abnormal, the sample was positive as per the recom-
mendation of the probe manufacturer based on stud-
ies performed with another multicolor probe (UroVys-
ion; Vysis). For 3p22.1 and 10922, the hybridized slides
were counted with the use of appropriate filter sets for
visualizing Spectrum Green or Spectrum Orange as
well as DAPI counterstain. In addition, = 100 nuclei
from each slide were scored with a triple filter. The
nuclei of individual cells that did not overlap were
chosen for analysis. Slides were analyzed only if 80%
of the cells were interpretable in the field of view and
the brightness of the signals was = 2+ on a scale of
0-3+. Each cell was scored individually for the num-
ber of green (3p22.1 or 10q22) and orange signals
(CEP3 or CEPI0, respectively) that were used as inter-
nal controls. Cells with fewer green signals than or-
ange signals were positive, reflecting deletion. The
ratio of green to orange signals was interpreted as the
percentage of deleted cells. To avoid misinterpretation
due to insufficient hybridization, cells were counted
only if at least one bright orange and one bright green
signal were present. Split signals were counted as one
if the space between them was less than the diameter
of a single signal. A control specimen was used for
each batch. Based on a leave-one-out analysis, > 2%
of the deletions were positive for 3p22.1 and 10q22.

Data Analysis

Univariate data were summarized using standard de-
scriptive statistics in Table 1. The purpose of our study
was (o assess the predictive ability of various genetic
deletions with respect to cancer status. Instead of con-
centrating exclusively on the significance of P values,
we focused on the prediction rate of each marker.
When prediction is the primary goal of analysis, the
gold standard in assessment of the predictor is a test
and validation set. Usually, such a set is used when the
sample size is adequately large. Our sample was small,
so we implemented a leave-one-out validation
scheme to assess the predictive ability of the genetic
markers using univariate logistic regression. With this
scheme, we modeled the relation between the re-
sponse variable and predictor for all but one data
point. Once a model was fit, the response was then
predicted for the data point that was left out. This
process was repeated for all data points. The sensitiv-
ity and specificity values were then calculated based
on the leave-one-out validation results and are pre-
sented in Tables 2-4. With small samples, this proce-
dure is more robust in modeling overfitting and results
in more realistic predictions when compared with na-

TABLE 2
Leave-One-Qut Table for 3p:CEP3-BB/T Using a Deletion Rate of
> 2% to Predict Cancer Status

Cancer (%)

Predicted cancer Yes No

Yes 15 {100.0) 0(0.0)
No 0(0.0) 15 (100.0)

3p:CEP3: ratio of 3p deletions to CEP3; BB/T: bronchial brushing on tumor side.

TABLE 3
Leave-One-Qut Table for 10q:CEP10-BB/T Using a Deletion Rate of
> 2% to Predict Cancer Status

Cancer (%)
Predicted cancer Yes No
Yes 15 {100.0%) 3(21.4%)
No 0(0.0%) 11 (78.6%)
10q:CEP10: ratio of 10q deletions to CEP10; BB/T: bronchial brushing on tumor side.
TABLE 4
Leave-One-Out Table for Combined 3p:CEP3-BB/T and
10q:CEP10-BB/T Using a Deletion Rate of > 2% to Predict
Cancer Status
Cancer (%)
Predicted cancer Yes No
Yes 15 (100.0) 0(0)
No 00.0 14.(100.0)

3p:CEP3: ratio of 3p deletions to CEP3; 10q:CEP10: ratio of 10q deletions to CEP10; BB/T: bronchial
brushing on tumor side.

ive methods.” In addition, associations between cate-
gorical variables were assessed via crosstabulation and
the Fisher exact test.® All of the computations were
carried out with the use of the SAS software program
(SAS Institute Inc., Cary, NC) on a Dell personal com-
puter (Dell, Round Rock, TX) equipped with the Win-
dows NT operating system (Microsoft, Redmond, WA)
via standard procedures.’

RESULTS

Patients

The study included 12 men and 3 women with a mean
age of 69.8 years (range, 57-84 years). One of the
patients was a nonsmoker, and all of the others had a
smoking history ranging from 9.5 to 120.0 pack-years.
The control specimens were from 15 patients who did
not have a history of lung carcinoma. The control



FIGURE 1. Tumor touch imprints showing an adenocarcinoma. {(Papanico-
laou stain, original magnification X 200.)
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FIGURE 2. Bronchial brush specimen showing unremarkable bronchial
epithelium on cytospin preparations. (Papanicolaou stain, original magnifica-
tion % 600.)

subjects were 8 men and 7 women with a mean age of
56.9 years (range, 42-83 years). Fourteen of the con-
trol subjects had a smoking history ranging from 15 to
75 pack-years.

Cytology/Histology

Histologic examination of the excised tumor speci-
mens showed that there were six adenocarcinomas
(Fig. 1), seven squamous cell carcinomas, and two
NSCLCs with sarcomatoid change. Touch imprint
preparations were made from all of the tumors.

On cytologic evaluation, the BB/Ts were negative
for malignant cells (Fig. 2). However, basal cell hyper-
plasia, squamous metaplasia, goblet cell metaplasia,
and rare dysplastic cells were detected in four, five,
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FIGURE 3. Interphase fluorescence in situ hybridization (FISH) analysis on
bronchial brushings showing a normal diploid population comprising two aqua,
two green, two red, and two gold signals using a multicolor FISH analysis probe
set (aqua, 6 centromeric; green, 7p12; red, 5p15; and gold, 8g24). (FISH,
original magnification X 600.)

three, and three specimens, respectively. TP/ABs,
which were available from 12 patients, showed carci-
noma in 1 specimen, dysplasia in 1 specimen, and
bronchial hyperplasia/reactive bronchial epithelium
in three specimens. Cytologic evaluation of the BWs
demonstrated basal cell hyperplasia in five patients
and squamous metaplasia in four patients.

Fluorescence In Situ Hybridization Analysis

LAVysion multicolor FISH analysis showed that all 14
BB/Ts were negative for malignant cells (Fig. 3). How-
ever, five BB/Ts showed single chromosomal abnormal-
ities, predominantly polysomy of 7p12. Also, 11 of the 14
specimens showed deletions of both 3p22.1 (Fig. 4) and
10922 (Fig. 5). In the carcinomas, the incidence values of
positivity were 57% (8 of 14) for the LAVysion probe set
(Fig. 6), 100% (14 of 14) for 3p22.1 deletions (Fig. 7), and
79% (11 of 14) for 1022 deletions (Fig. 8). LAVysion
multicolor FISH analysis failed to demonstrate abnormal
cells in TP/ABs, although 8 of 12 (67%) and 11 of 12
(92%) of these touch imprints were positive for 3p22.1
and 10g22, respectively. When compared with the adja-
cent bronchial epithelium, tumor cells showed a 3.7-fold
excess of 3p deletions, a 2-fold excess of 10q deletions,
and a 12.6-fold excess of abnormal cells by the LAVysion
test. Table 1 shows the distribution of the age, pack-years
of smoking, and FISH results of the patients and control
subjects according to cancer status. The sensitivity and
specificity values of the LAVysion multicolor probe set in
detecting molecular abnormalities in the BB/Ts were
40% and 73%, respectively. The sensitivity and specificity
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FIGURE 4. Interphase fluorescence in situ hybridization (FISH) analysis on a
bronchial brush specimen from the tumor side showing a nucleus with a
deletion (arrows) of 3p22.1 (one green signai, 3p22.1, relative to two red
signals, CEP3). (FISH, original magnification X 600.)

N

FIGURE 5. Interphase fluorescence in situ hybridization (FISH) analysis on
bronchial brush specimens from the tumor side showing deletions (arrows) of
the 10922 locus-specific probe (loss of green signals, 10g22, relative to red
signals, CEP10). (FISH, original magnification X 600.)

values of 3p deletions > 2% in the BB/T to predict tumor
were both 100% (Table 2). The sensitivity and specificity
values of 10q deletions from BB/T were 100% and 78.6%,
respectively (Table 3). The leave-one-out method
showed that a 2% cutoff for both 3p and 10q deletions
resulted in 100% sensitivity and specificity for the pres-
ence of cancer (Table 4). There was not a significant
difference in the molecular abnormalities observed in
the BB/Ts, TP/ABs, and TP/Ts of the patients with squa-
mous cell carcinoma and those with adenocarcinoma
{Table 5). Finally, the effect of smoking could not be
determined with the current data, as there was not a

FIGURE 6. Interphase fluorescence in situ hybridization (FISH) analysis on
tumeor touch imprints showing enlarged aberrant nuclei with polysomies of CEP
7p12, 5p15, and 8g24 indicated by extra red, green, gold, and aqua signals
using the multicolor FISH probe set. (FISH, original magnification X 600.)

FIGURE 7. Interphase fluorescence in situ hybridization (FISH) analysis on
tumor touch imprints showing deletions (arrow) of the 3p22.1 locus-specific
probe (loss of green signals, 3p22.1, relative to red signals, CEP3). (FISH,
original magnification X 600.)

sufficient number of patients or control subjects who
were nonsmokers.

DISCUSSION

Currently, there are no efficient or accurate screening
methods for early detection of lung carcinomas.* The
lack of standard screening procedures often leads to
diagnosis of these tumors at an advanced stage, which
is associated with a poor prognosis and a high mor-
tality rate. The standard of practice in the evaluation
of patients for a possible lung carcinoma is a chest



FIGURE 8. Interphase fluorescence in situ hybridization (FISH) analysis on
tumor touch imprints showing tumor nuclei with deletions (arrow) of the 10922
locus-specific probe (loss of green signals, 10922, relative to the red signals,
CEP10). (FISH, original magnification X 600.)

X-ray and pulmonary function tests followed by a
computed tomography scan. Sputum cytology is usu-
allv not submitted due to its low sensitivity in detect-
ing neoplastic cells. In patients with a suspected cen-
tral mass, bronchoscopy is performed and bronchial
washes, bronchial brushes, and transbronchial biopsy
specimens are obtained. If the mass is peripheral, then
the first approach is usually via a percutaneous fine-
needle aspiration biopsy. In the current study, we
focused on bronchial brush specimens from the side
of the suspected tumor as a less invasive method to
diagnose the presence of early lung carcinoma. We
demonstrated that although most BB/Ts do not con-
tain frankly malignant cells according to cytologic
analysis, the majority of them displayed obvious mo-
lecular abnormalities of 3p22.1 and 10q22 according
to FISH.

Inrecent years, multiple chromosomal and molec-
ular alterations have been demonstrated in early-stage
lung carcinomas'®™'® using comparative genomic hy-
bridization,'®"'* microsatellite instability analysis,!?2°
and FISH.2!"** Of these techniques, FISH has been
used successfully for the targeted analysis of numeric
chromosomal abnormalities in interphase nuclei in
various types of solid tumors.**~*° Interphase FISH is a
relatively easy technique that can detect rare events
such as a deletion or addition of a specific gene in a
single cell nucleus derived from normal-appearing or
cancer cells.

3p is presumed to be the site of multiple tumor
suppressor genes, including FHIT (3p14) and RASSF1A
(3p21.3). Recent molecular studies showed deletions
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in the 3p region in morphologically normal areas of
bronchial epithelium in patients with lung carci-
noma.*® Deletions in this region are believed to be
early and frequent events in lung carcinoma tumori-
genesis.**°

The 10922 probe used in our study encompasses
the gene encoding the surfactant-associated protein
(SP-A). SP-A is a hydrophilic protein that facilitates
the surface-tension-lowering properties of surfactant
phospholipids in alveoli, regulates surfactant phos-
pholipid synthesis, and counteracts the inhibitory ef-
fects of plasma proteins released during lung injury.!
We postulate that low levels of SP-A, such as those
resulting from genetic deletions, may increase host
susceptibility to infections and the effects of carcino-
genic agents. Loss of 10922 also has been identified in
NSCLC, especially squamous cell carcinoma.®?*® In a
large retrospective study of patients with Stage I can-
cer, we demonstrated that deletion of 10g22 in bron-
chial tissue adjacent to NSCLC is strongly associated
with early recurrence of lung carcinoma (unpublished
data).

The LAVysion four-color probe set comprises a
cocktail of 5p, 7p, 89, and centromeric 6 nucleic acid
probes and has been designed to enhance the detec-
tion of malignant cells of NSCLC in sputum samples.
Gene amplification in the 5p region is one of the most
consistent alterations in NSCLCs and is strongly asso-
ciated with tumor development, progression, and me-
tastasis. The epidermal growth factor receptor (EGFR)
gene, which is located on chromosome 7p, is overex-
pressed in BWs from smokers as well as in NSCLCs.>*
Although EGFR overexpression by immunohisto-
chemistry is increased in patients at high risk for de-
veloping lung carcinoma, especially smokers,> EGFR
as an independent prognostic factor appears to be
controversial.*®* C myc is a nuclear phosphoprotein
that participates in cell growth and tumor develop-
ment by activating transcription of growth-stimulat-
ing genes. C-myc is located on chromosome 8q and is
amplified in both small cell and non-small cell lung
carcinomas.

In a retrospective study of BWs from 46 patients
with histologically proven lung carcinoma, Sokolova
et al.?? found that the sensitivity for the detection of
carcinoma cells was 82% for FISH with the LAVysion
multicolor probe. In comparison, others found the
sensitivity of cytology to be 54%.%% In a similar multi-
color FISH study by Romeo et al.'* comparing tumor
touch imprints of nonsmall cell carcinomas and sputa,
the authors noted high frequencies of abnormatl cells
in all 20 imprints. However, none of the cytologically
normal sputa demonstrated any abnormalities in
FISH with the multicolor probe.
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TABLE 5

Examination of Differences in Molecular Abnormalities by Site Versus Histology

Histology No. Mean SD Minimum Median Maximum Pvalue

3p:CEP3-BB/T 0.70
Adenocarcinoma 6 767 3.14 3.14 3 75
Squamous Ca 8 7.13 3.89 368 3 6

3p:CEP3-TP/AB 0.94
Adenocarcinoma 5 6.80 3.27 327 2 8
Squamous Ca 7 7.71 455 427 3 6

3p:CEP3-TP/T 0.95
Adenocarcinoma 6 22.67 547 547 13 235
Squamous Ca 8 26.63 15.94 16.90 9 22

10q:CEP10-BB/T 0.56
Adenocarcinoma 6 4.17 2.04 2.04 2 4
Squamous Ca 8 3.88 2.65 247 2 3

10q:CEP10-TP/AB 0.35
Adenocarcinoma 5 6.40 1.67 167 5 6
Squamous Ca 7 6.14 4.59 422 3 4

10q:CEP10-TP/T 0.85
Adenocarcinoma 6 15.17 799 799 8 12
Squamous Ca 8 13.25 7.06 6.67 5 10

1AVy-BB/T 0.14
Adenocarcinoma 5 2.40 2.30 2.30 0 3
Squamous Ca 8 0.25 0.49 0.46 0 0

TAVYy-TP/T 1.00
Adenocarcinoma 5 8.80 8.87 8.87 0
Squamous Ca 8 8.75 8.83 8.68 0 5.5

LAVy-TP/AB 0.54
Adenocarcinoma 5 0.60 1.34 134 0 0
Squamous Ca 6 1.00 1.26 0 5 3

BB/T: bronchial brushing on tumor side; LAVy: LAVysion; 3p:CEP3: ratio of 3p deletions to CEP3; 10q:CEP10: ratio of 10q deletions to CEP10; TP/T: touch preparation
of tumor; TP/AB: touch preparation of adjacent bronchus; Ca: carcinoma; SD: standard deviation.

In the current study, evaluation of molecular ab-
normalities in bronchial epithelial cells via FISH was
very useful in identifying patients who were at high
risk for developing lung carcinoma. Deletions of
3p22.1 and 10q22 were detected at least two to four
times more often in BB/Ts than abnormal cells by
LAVysion probe set, which were detected only infre-
quently in BB/Ts when compared with TP/Ts. These
results may reflect the finding that the tumor suppres-
sor genes on 3p22.1 and 10q22 are deleted earlier in
the genetic instability events involved in carcinogen-
esis than the oncogenes located on 5pl5, 7pl2, and
8q24. Therefore, 3p22.1 and 10q22 appear to be far
more sensitive markers than the multicolor probe set
in detecting a field effect in early-stage lung carcino-
mas. It is noteworthy that there was no significant
difference in the molecular abnormalities of 3p22.1
and 10g22 for the different histologies of NSCLC re-
gardless of anatomic site, suggesting that these abnor-
malities occur in the tumor stem cells before histo-
logic differentiation takes place.

Our findings are compelling and may lead to the use

of FISH as a valuable adjunct to cytology of bronchial
brush specimens in high-risk patients with radiograph-
ically detected lung lesions, the majority of which are
benign. A larger prospective trial must be performed to
validate the current study in establishing the use of FISH
analysis of bronchoscopy specimens and eventually
sputa, as an adjunct to cytology in the early detection of
lung carcinoma.
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Abstract To identify the molecular changes that occur in
non-small cell lung carcinoma (NSCLC), we compared
the gene expression profile of the NCI-H292 (H292)
NSCLC cell line with that of normal human tracheo-
bronchial epithelial (NHTBE) cells. The NHTBE cells
were grown in a three-dimensional organotypic culture
system that permits maintenance of the normal pseud-
ostratified mucociliary phenotype characteristic of bron-
chial epithelium in vivo. Microarray analysis using the
Affymetrix oligonucleotide chip U95Av2 revealed that
1,683 genes showed a > 1.5-fold change in expression in
the H292 cell line relative to the NHTBE cells. Specifi-
callv, 418 genes were downregulated and 1,265 were up-
regulated in the H292 cells. The expression data for
selected genes were validated in several different NSCLC
cell lines using quantitative real-time PCR and Western
analysis. Further analysis of the differentially expressed
genes indicated that WNT responses, apoptosis, cell cycle
regulation and cell proliferation were significantly altered
in the H292 cells. Functional analysis using fluorescence-
activated cell sorting confirmed concurrent changes in the
activity of these pathways in the H292 line. These findings
show that (1) NSCLC cells display deregulation of the
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WNT, apoptosis, proliferation and cell cycle pathways, as
has been found in many other types of cancer cells, and (2)
that organotypically cultured NHTBE cells can be used as
a reference to identify genes and pathways that are dif-
ferentially expressed in tumor cells derived from bron-
chogenic epithelium.

Keywords Microarray analysis - Gene expression
profile - Biological pathways - Normal human
tracheobronchial epithelium (NHTBE) - Nonsmall cell
lung cancer (NSCLC)

Introduction

Lung cancer remains a leading cause of cancer death,
with an overall 10-year survival rate as low as 8-10%
(Fry etal. 1999). It was estimated that more than
170,000 new cases of lung cancer would appear in the
United States in 2003 and that about 150,000 individuals
would die of the disease (Jemal et al. 2003). Lung cancer
occurs in two major subtypes—nonsmall cell lung car-
cinoma (NSCLC) and small cell lung carcinoma.
NSCLC accounts for approximately 80% of all cases,
and is further classified as adenocarcinoma, squamous
cell carcinoma or large cell carcinoma, based on cell
morphology. It is widely accepted that the progenitor
cell of adenocarcinoma and squamous cell carcinoma is
the epithelial cell of the lung. Squamous cell carcinoma
originates mainly from genetically altered surface epi-
thelial cells in the conducting airways, while adenocar-
cinoma arises from alveolar type II epithelial cells in the
lung itself. A better understanding of the etiology and
pathogenesis of epithelial cancers should facilitate the
identification of novel and better targets for the treat-
ment and prevention of NSCLC.

The recent development of cDNA and oligonucleo-
tide microarray analysis enables us to comprehensively
analyze gene expression profiles in NSCLC cells and
classify lung cancers at the molecular level (for recent
reviews, see Petty et al. 2004; Whitsett et al. 2004 and



references therein). However, the use of epithelial tissue
{rom sites adjacent to tumors as the normal control in
such studies has drawn criticism (Braakhuis et al. 2004),
as this tissue often includes histologically normal but
genetically abnormal cells (Braakhuis et al. 2003). In the
present study we have used primary organotypically
cultured normal human tracheobronchial epithelial
(NHTBE) cells as our control. We previously demon-
strated that primary TBE cells adopt the mucociliary
epithelial organization found in vivo when grown and
maintained in a retinoid-sufficient bronchial epithelal
growth medium (BEGM) using a three-dimensional or-
ganotypic air-liquid interface (ALI) culture method. We
have already demonstrated the utility of this system for
studying the physiology of airway epithelium (Koo et al.
1999a, b). Given that lung cancers originate from epi-
thelial cells and that NSCLC cell lines represent mixed
histotypes, we chose the human mucoepidermoid pul-
monary carcinoma line NCI-H292 (H292) as the coun-
terpart of normal bronchial epithelial cells to identify
differentially expressed genes. The H292 cells retain
epithelial morphology in culture, and are defined as a
mucin-producing NSCLC cell line because they stain
positive for mucicarmine (mucous differentiation). They
also stain positively for keratin and vimentin, which are
indicative of squamous differentiation. The cells have
been widely used as surrogate epithelial cells for study-
ing the regulation of MUC5AC, a marker for mucin
gene expression in the mucous goblet cell of the bron-
chial surface epithelium (Takeyama et al. 1999; Koo
et al. 2002; Lemjabbar and Basbaum 2002).

We used RNAs isolated from fully differentiated
NHTBE cells and from the H292 NSCLC cell line to
identify expressed genes by oligonucleotide microarray
analysis on Affymetrix chips. The results revealed that
1,683 genes were differentially expressed (i.e., showed a
> 1.5-fold change in transcription level). Analysis of the
differentially expressed genes revealed concurrent altera-
tions in several biological pathways, including WNT and
apoptosis pathways, cell cycle regulation and cell prolif-
eration, in the H292 cell line. The differential expression of
selected genes was further verified by real-time PCR and
Western analysis in several other NSCLC cell lines. The
NHTRBE cells promise to be a useful control for the study
of lung epithelial carcinogenesis. This study describes
alterations in biological networks associated with
NSCLC carcinogenesis, and provides a valuable resource
for the identification and characterization of diagnostic
markers and targets for lung cancer prevention and
therapeutics.

Materials and methods

Three-dimensional organotypic ALI culture of NHTBE
cells

Passage 1| NHTBE cells (Clonetics, San Diego, CA,
USA) were subcultured once and then stored in liquid

nitrogen. The stored cells were used for further cultures
as described previously (Koo et al. 1999a, b). Briefly,
1x10° passage-2 NHTBE cells were seeded onto 24-mm
permeable membranes (Transwell-Clear culture inserts;
Corning, Acton, MA, USA) in a 1:1 mixture of BEGM
(Clonetics) and Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with insulin (5 pg/ml), hydro-
cortisone (0.072 pg/mi), epidermal growth factor
(0.5 ng/ml), T3 (10°% M), transferrin (10 pg/ml), epi-
nephrine (0.6 pg/ml), bovine pituitary extract (0.8%),
BSA (0.5 mg/ml), gentamicin (50 pg/ml) and retinoic
acid (5 x10™° M). The cultures were kept submerged for
the first 7 days, and the medium was removed from the
apical compartment to provide the air-liquid interface
(ALI) on day 7 or 8 when the cultures were confluent.
Culture was continued under these conditions for a
further 21 days (changing the medium daily) to generate
fully differentiated mucociliary bronchial epithelial cells.

Culture of NSCLC cell lines

The NSCLC cell lines NCI-H226 (H226), H292, NCI-
H520 (H520), NCI-H1563 (HI1536), NCI-H1703
(H1703), NCI-H1734 (H1734), NCI-H1975 (H1975),
NCI-H2228 (H2228), NCI-H2170 (H2170), and A549
were purchased from the American Type Culture Col-
lection (Manassas, VA, USA). All of the cell lines were
maintained in RPMI 1640 medium (Gibco BRL, Life
Technologies, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (Hyclone, Logan, Utah),
penicillin (100 U/ml), and streptomycin (100 mg/ml) on
treated, nonpyrogenic, polystyrene tissue culture dishes
at 37°C and a pH of 7.0-7.2 in a humidified atmosphere
(95% air/5% CQ,). Total RNA for microarray analysis
and real-time PCR, and whole-cell lysates for Western
analysis, were prepared from the cultured cells 3 days
after the monolayers had become confluent.

Histology

For histological analysis, NHTBE and H292 cells were
grown on porous membrane inserts (Transwell-Clear
plates) in their optimal media (BEGM:DMEM mixture
and RPMI with 10% FBS, respectively; see above) for
28 and 10 days, respectively. The detailed method was
described previously (Gray et al. 1996; Koo et al
1999b). The cultures were fixed in 10% neutral buffered
formalin, embedded in paraffin, sectioned, and stained
with hematoxylin-eosin (HE). The sections were then
examined under the microscope and photographed.

RNA and oligonucleotide microarray preparation
Total RNA was extracted from cells using the RNeasy

Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol. The Affymetrix (Santa Clara,



CA. USA) GeneChip U95Av2 was employed for
microarray hybridizations. This GeneChip carries
12,626 human genes. Each gene is represented by 11-20
different 25mers referred to as perfect match (PM) oli-
gonucleotides, and each PM oligonucleotide is paired
with a mismatch (MM) oligonucleotide having a 1-base
mismatch at the thirteenth base. Each of the 11-20 PM—
MM pairs representing a gene is termed a ‘probe set’.
Thus, the U95Av2 chip contains 12,626 probe sets. The
oligonucleotides are directly synthesized on a silicon
chip using a combination of photolithography and
combinatorial chemistry.

For microarray hybridization, we followed the pro-
tocol described in the Affymetrix manual to synthesize
double-stranded cDNA from mRNA and then used this
¢DNA to synthesize complementary RNA (cRNA). The
¢RNA was labeled and used for hybridization with the
GenChips. Briefly, 5 ug of total RNA was converted
into first-strand cDNA by reverse transcription (RT) in
a 20-pl reaction containing 200 U of SuperScript II
{Invitrogen, Carlsbad, CA, USA) and 100 pmol of T7-
(dT)~4 primer [5-GGCCAGTGAATTGTAA-
TACGACTCACTATAGGGAGGCGG-(dT)y4-3
(GeneSet, San Diego, CA, USA). The reaction was
incubated at 42°C for 1 h. The second strand of the
cDNA was synthesized at 16°C for 2 h in the presence of
DNA polymerase 1 (40 U), DNA ligase (10 U), RNase
H (2 U), and 1x second strand buffer (Invitrogen). The
double-stranded ¢cDNA was then blunt-ended using
20 U of T4 DNA polymerase, purified by extraction
with phenol/chloroform, and transcribed into cRNA in
the presence of biotin-labeled ribonucleotides using the
BioArray HighYield RNA Transcript Labeling Kit
{Affymetrix) as described by the manufacturer. This
biotin-labeled ¢cRNA was purified using the Qiagen
RNeasy Kit, quantified, and fragmented by incubation
at 94°C for 35 min in the presence of 1 (fragmentation
buffer [40 mM TRIS-acetate (pH 8.0), 100 mM potas-
situm acetate, and 30 mM magnesium acetate]. The
fragmented cRNA was then used for hybridization to
the U95AV2 chip at 42°C for 16 h. The chips were wa-
shed and stained using Affymetrix GeneChip Fluidic,
and scanned and visualized using a GeneArray Scanner
{Hewlett-Pacrkard, Palo Alto, CA, USA).

To maintain experimental consistency, approximately
equal numbers of cells were collected at similar stages,
and the same group of researchers performed the RNA
isolation and microarray hybridization in a repeat
experiment.

Data collection and bioinformatic analysis

The microarray hybridization data were collected using
the Affymetrix Microarray Suite 5.0 software (MAS
5.0). After collection, the data were exported to the
Affymetrix MicroDB for further analysis using the Af-
fymetrix Data Mining Tool 3.0 (DMT). The signal-
intensity data extracted with the DMT were statistically

analyzed using S-plus 2000 software (Mathsoft, Cam-
bridge, MA, USA) to obtain correlation coefficients and
scatter plots for evaluation of the reproducibility and
quality of the array analysis. The qualified data sets were
then analyzed using DNA-Chip Analyzer software
(dChip) (Li and Wong 2001). Briefly, the array data sets
were first normalized using a default baseline array; the
PM-MM model was then employed to calculate the
expression values. To identify the differentially expressed
genes using dChip, we set 100 as the average signal-
intensity difference to avoid the effects of unreliable low
intensity, and used the lower confidence bound of fold
change (LBFC; 90%) as the conservative relative change
(1.5x). The differentially expressed genes were then
subjected to clustering, categorical, and pathway anal-
ysis using dChip and public databases such as PubMed
(http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=PubMed), EASEonline (http://david.ni-
aid.nih.gov/david/uploadl.asp) and the Kyoto Ency-
clopedia of Genes and Genomes (KEGG, http://
www.genome.ad.jp/kegg/). Details of the genes (and
gene products) specifically considered in this present
work are listed in the Tables.

Quantitative real-time PCR (qRT-PCR)

We used qRT-PCR to validate 15 of the differentially
expressed genes identified via microarray analysis. The
primer pairs used are listed in Table 1. PCR was per-
formed in 25-ul volumes in an iCycler (Bio-Rad, Her-
cules, CA, USA) using SYBR Green PCR Core
Reagents (Applied Biosystems). The reaction contained
0.2-mM primers (Invitrogen), 3-mM MgCl,, and 3 pl of
the RT mix. The housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was chosen as the
reference. Each sample was duplicated in each run, and
the experiment was repeated four times. The reactions
for tested genes and GAPDH were set up in separate
wells of the same 96-well plate, and a prerun using a well
factor solution (Bio-Rad) to subtract the background
was carried out, followed by an initial denaturation step
at 95°C for 10 min. PCR was performed for 40 cycles of
denaturation at 95°C for 20 s, and clongation at 60°C
for 60 s. Because GAPDH was consistently expressed at
a moderate level in the microarray experiment, each
PCR result was normalized against the value for GAP-
DH.

Western analysis

Western analysis used to confirm that differential gene
expression was reflected at the translation level. Anti-
bodies raised against beta-catenin (E-5, 1:500), CDK1
(B-6, 1:1000), CCNB1 (GNS-1, 1:1000), GAS6 (D-18,
1:1000), AKT (C-20, 1:1000), API (IAP-1, 1:1000), and
BCL2 (C-2, 1:1000) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). An anti-B-actin



‘Table 1 Primer pairs used for

4RT-PCR Target gene

Sequence (5-3")

AATF
AKT
APIS
AXL
BCLX
CDK1
CYCS
GAS6
IGFBP4
KRT6E
LOH11CR2A
MYC
SFRPI
TF
TP53

TCAGCCTGTCCCAGAGAGTT and CGAAGGAGCTGGTGGTAAAA (AATF)
CACACCACCTGACCAAGATG and CTGGCCGAGTAGGAGAACTG-3’
ACAGGCCGACCTAGAACAGA and AGGGAGAACCTGCTCACAGA
GACGGGTCTGTGTCCAATCT and ACGAGAAGGCAGGAGTTGAA
GGAGCTGGTGGTTGACTTTC and CTCCGATTCAGTCCCTTCTG
CTTTTCCATGGGGATTCAGA and AGGCTTCCTGGTTTCCATTT
TGGGGAAATTGCTTCACTGT and CTTCAACCCTTGCCTTTAAGA
GGACCTCGTGCAGCCTATAA and CCTGGATGGTGGTGTCTTCT
GACCATCGTCCTTCCTCTCA and GTCTGGACCTCGTGACCATT
CATTGGAGGTGGCTTCAGTT and GAGGAGGAGGTGGTGGTGTA
AACCCAAGCCTGATGTCAAC and ACTTGCTGGAGTCTCCCTGA
GGCAAAAGGTCAGAGTCTGG and GTGCATTTTCGGTTGTTGC
GCTCCAGTTTGCATTTGGAT and ACCTGAGCCTCCTGCATCTA
CCTGATCCATGGGCTAAGAA and CCTCCACAGGTTTCCTGGTA
TTTGGGTCTTTGAACCCTTG and CCACAACAAAACACCAGTGC

antibody (AC-15, 1:5,000) was purchased from Sigma
(St. Louis, MO, USA) and used as an internal control.
Whole-cell extracts were obtained by lysing cells with
I ml of lysis buffer [(20% glycerol, 4% SDS, and 0.3%
dichlorodiphenyltrichloroethane in 20 mM TRIS-HCI,
(pH 6.8)] per well. The cell lysate was quantified, and a
total of 30 ul of the lysate was electrophoresed on SDS-
polyacrylamide gels (10%) and transferred to nitrocel-
lulose membranes. Membranes were blocked, incubated
with primary antibodies, and subsequently incubated
with diluted (1:2,000) horseradish peroxidase-conju-
gated goat antirabbit I1gG or goat antimouse IgG
{Bio-Rad). Labeled bands were detected using the
SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, Ill.) and exposed to Hyper MP
autoradiography film (Amersham, Little Chalfont,
Bucks.. UK) or Kodak Scientific Image Film (Eastman
Kodak, Rochester, NY, USA). B-Actin was used as an
mternal control.

Fluorescence-activated cell sorting (FACS)

FACS was used to monitor the cell cycle, apoptosis, cell
proliferation, and the mitochondrial membrane poten-
ual. For cell cycle analysis, cells were seeded in 2 ml of
medium at a density of 1x10° cells/well in 6-well plates.
After the cells had reached confluence, the attached cells
were flushed twice with 1x phosphate-buffered saline
(PBS), trypsinized, washed, and resuspended in 1xPBS.

For cell cycle analysis, a 2-ml aliquot of cell suspen-
sion (approximately 10° cells) was added to 5 ml of 95%
ethanol under gentle vortexing, and then fixed for at
least 30 min at room temperature. The fixed cells were
then pelleted by centrifugation, resuspended in 1 ml of
(50 pg/ml) propidium iodide (PI; Sigma) and 100 ul of
1 mg/ml RNase (Roche, Indianapolis, Ind.), and incu-
bated at 37°C for 30 min before being loaded onto a
FACScan (BD Biosciences, Franklin Lakes, NJ, USA).

For apoptosis analysis, the cell pellet (~10° cells)
obtained after trypsinization and washing was resus-
pended and stained using the Annexin-V-FLUOS
staining kit (Roche) as described in the manufacturer’s

instructions. Cells that had not been stained with ann-
exin were used as the controls.

For cell proliferation analysis, cells were seeded into
6-well culture plates at a density of 1x10° cells/well.
After the cells reached the exponential growth stage,
bromodeoxyuridine (BrdU) was added directly to the
medium at a final concentration of 10 uM. The cells
were incubated at 37°C for 60 min and stained using the
Anti-BrdU-FITC Kit (BD Biosciences) following the
manufacturer’s instructions. Cells that had not been
exposed to anti-BrdU-FITC were used as controls. The
absorbance of the FITC at 488 nm was measured using
a FACScan (BD Biosciences).

For mitochondrial membrane potential analysis, the
mitochondrial membrane potential was normalized and
measured using two-color staining with MitoTracker
Green (MTGreen) and CMXRosamine (CMXRos) dyes
(Molecular Probes, Eugene, OR, USA). Confluent ceils
were harvested and resuspended at a concentration of
10° celis/ml in prewarmed cell culture medium. A 1-ml
aliquot was removed to a 15-ml Falcon tube and incu-
bated in a 37°C water bath for at least 5 min. Next, 1 pl
each of the dye stock solutions (200 uM MTGreen and
200 uM CMXRos) was added to the cell suspension and
mixed well. The cell suspension was incubated at 37°C
for 60 min in the dark. The cells were then washed three
times using 1 ml of 1xPBS, and the cell pellet was
resuspended in 500 pl of medium. Immediately after
staining, flow cytometry was performed with a FAC-
Scan (BD Biosciences) using an excitation wavelength of
488 nm. We measured the emissions with a 530-nm
bandpass filter for MTGreen and a 630-nm long-pass
filter for CMXRos.

Statistical analysis

The qRT-PCR and FACS data were subjected to sta-
tistical analysis. The gRT-PCR experiment was repeated
two to four times with duplicates of each sample. In each
gRT-PCR, a GAPDH standard curve was generated
using the log-starting quantity of a serial dilution of the
RT mix. The serial dilution factor was 1/2" (n=75); each



dilution was measured in duplicate. Data acquisition
and standard curve generation were performed using an
iCycler 3.0 (Bio-Rad). Transcript levels were calculated
from the slope of the standard curve using the formula
x/1-— b,ita, where x is the log;o value of the transcript-
starting amount, y is the C, value, a is the slope, and 5 is
the y interception. The relative change was obtained
using the ratio of inverse log;, values of x between the
tumor and normal cells. Standard errors (SE) were ob-
tained for the fold change based on the repeated QRT-
PCR experiments using statistical functions in the Excel
software program (Microsoft, Redmond, WA, USA).

The FACS analysis was repeated at least three times.
FACS data were collected using a FACScan (BD Bio-
sciences) and analyzed using the WinMDI software
(version 2.8) (http://facs.scripps.edu/software.html) and
Excel statistical functions.

Results

Histological analysis of NHTBE and H292 cells grown
in ALTI culture

Primary or early passage NHTBE cells were cultured
under organotypic ALI conditions in defined serum-free
medium supplemented with growth factors and hormones
as described previously (Koo et al. 1999a, b). The mor-
phological pattern of differentiation mimicked that of

Fig. I a, b Histological analysis of NHTBE and H292 cells grown
in ALI culture. a NHTBE cells were grown under ALI conditions
in the presence of retinoic acid (5x10~° M) for 28 days, then fixed
in 10% neutral buffered formalin, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. For the detection of
mucous goblet cells, the section was also stained with Alcian Blue—
Periodic Acid Schiff’s (arrows). b Histological section of H292 cells
grown in RPM11640 supplemented with 10% fetal bovine serum
for 10 days in ALI culture were prepared and stained with
hemutoxylin and eosin as described above for NHTBE cells

pseudostratified mucociliary bronchial epithelium in vivo,
as shown in Fig. 1. Basal cells attached to the basement
membrane and a significant number of ciliated cells were
clearly visible in the polarized columnar epithelium that
formed in the culture system. Under these conditions, the
ability of these cells to differentiate into mucous and cili-
ated cells was maintained. The use of ALI cultures for the
study of bronchial epithelial cell biology was demon-
strated previously (Gray et al. 1996; Kolodziejski et al.
2002; Koo et al. 1999b; Singer et al. 2004). In sharp
contrast, H292 NSCLC cell lines cultured under similar
conditions generated multiple layers of cells that did not
display any obvious basal-apical polarity.

Oligonucleotide microarray analysis

To elucidate the molecular events involved in lung epi-
thelial carcinogenesis, we examined global gene expres-
sion in NHTBE cells and the H292 cell line using the
Affymetrix oligonucleotide chip U95Av2 as described in
Materials and methods. The experiment was performed in
duplicate. To check the quality of the experiment, we
generated scatter plots and calculated correlation coeffi-
cients between replicates. We found a strong correlation
between replicates within the same samples. The correla-
tion coefficient was 0.97 for NHTBE replicates (Fig. 2a)
and 0.99 for H292 replicates (Fig. 2b), and the linear
relationship in the x—y plane was close to diagonal
(Fig. 2a, b), indicating that the replicates within the
samples were highly reproducible and consistent. In
contrast, the relationship between replicates of different
samples (Fig. 2c—f) was marked by a high degree of scatter
and was not linear. Accordingly, the correlation coeffi-
cients (0.79, 0.79, 0.85, and 0.85, respectively) were much
lower than those for within-sample comparisons, indi-
cating that the nature of the samples had a greater effect
on data variation than handing error. Therefore, we
concluded that these microarray hybridizations were
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Fig. 2 a~f Scatter plots of microarray signal intensity data.
a Replicates of NHTBE plotted against each other. b Replicates
of H292. ¢ Replicate 1 of NHTBE versus replicate 1 of H292.
d Replicate 1 of NHTBE versus replicate 2 of H292. e Replicate 2
of NHTBE versus replicate 1 of H292. f Replicate 2 of NHTBE
versus replicate 2 of H292. r is the correlation coefficient

successful and likely to provide reliable data for further
analysis.

Differentially expressed genes and the gene expression
profile

After qualification and quantification of the microarray
experiment, gene expression in the two cell lines was

analyzed, and differentially expressed genes were iden-
tified using dChip. Out of 12,625 genes analyzed, 418
were downregulated, and 1,265 were upregulated by at
least 1.5-fold in H292 cells relative to the NHTBE cells.
The downregulated genes included genes related to the
cytoskeleton structure, immunoglobulins, inflammatory
stress, the basement membrane, small cytokines, stress
responses, and tumor suppressors. The upregulated
genes were related mainly to antiapoptosis, the cell
cycle, cell growth, extracellular proteins, heat shock
proteins, nucleic acid-binding proteins, transcription,
and translation. These differentially expressed genes
provided the pool for further genomic analysis on
biological pathways, biomarkers therapeutic targets
(data not shown).



Elucidation of biological pathways

To elucidate the biological pathways affected in the
H292 cells, we first used the ’Classify Genes’ option in
dChip to separate the 1,683 differentially expressed
genes into ontology groups. Based on molecular func-
tions, we obtained 1,158 gene ontology groups
(approximately 1.5 unique genes per group). Disre-
garding the more general group categories (such as cell,
receptor, kinase, inhibitor, and enzyme), we focused on
identification of the groups associated with particular
functions and pathways. After data mining, we found
that the expression of genes in 30 ontology groups clo-
sely related to apoptosis, cell cycle, cell proliferation,
and WNT responses (Table 2) were substantially altered
in the H292 cell line when compared with NHTBE cells.
These groups contained 594 genes representing 146 un-
ique genes (approximately 5.1 unique genes per group),
which were subsequently assigned to the four pathways.
The overlapping genes were arbitrarily assigned to one
or other of these pathways using published information
from PubMed, EASEonline, and KEGG. In summary,
38. 56, 48, and 10 unique genes were assigned to the
apoptosis, cell cycle, proliferation, and WNT pathways,
respectively (data not shown). Differentially expressed
genes that showed a more than three-fold change or are

Table 2 Gene ontology (GO) classification of differentially ex-
pressed genes related to the apoptosis, cell cycle, and proliferation
pathways, identified via microarray analysis

GO group Number of genes
Apoptosis 35
Apoptosis inhibitor 7
Apoptosis regulator 7
Cell cycle 77
Cell cycle arrest 8
Cell cycle checkpoint 8
Cell cycle control 50
Cell cycle regulator 8
Cell death 38
Cell proliferation 75
Control of mitosis 4
DNA replication and chromosome cycle 21
G1/'S transition in mitotic cell cycle 8
G2/M transition in mitotic cell cycle 6
Ligand-regulated transcription regulator 11
M phase 13
M phase of mitotic cell cycle 13
Mitosis 13
Mitotic cell cycle 37
Positive control of cell proliferation 21
Negative control of cell proliferation 14
Regulation of CDK activity 6
S phase of mitotic cell cycle 16
Transcription 99
Transcription factor 20
Transcription regulator 48
Translation elongation factor 1
Translation factor 20
Translation initiation factor 5
WNT signaling 10

directly related to the WNT, cell cycle, proliferation, and
apoptosis pathways are listed in Table 3.

Validation of the differentially expressed genes

A subset of the differentially expressed genes was chosen
for validation by gqRT-PCR and Western analysis
(Table 3). Fifteen genes, SFRP1, CDK1, MYC, AXL,
GASS6, IGFBP4, AATF, AKT, API5, BCLX, CYCS,
LOHI11CR2A, TP53, KRT6E, and TF, were selected for
gRT-PCR validation. SFRP1, which is related to the
WNT pathway, was upregulated 12.8-fold in H292 cells
compared to NHTBE cells. The cell cycle genes CDK
and MYC were upregulated 8.0- and 6.2-fold, respec-
tively; the proliferation genes AXL, GAS6, and IGFBP4
were upregulated 2.9-, 18.6-, and 2.6-fold, respectively.
The antiapoptosis genes AATF, AKT, APIS, and BCLX
were upregulated by 43.5-, 23.0-, 38.4-, and 17.7-fold,
respectively; the proapoptosis gene LOH11CR2A was
downregulated by 33.9-fold, and the proapoptosis genes
CYCS and TPS53 were upregulated by 27.8- and 23.3-
fold, respectively.

Seven genes, Beta-catenin, CDK1, CCNB1, GAS6,
AKT, API5, and BCL2, were selected to validate gene
expression at the translation level in the NSCLC cell
lines H292, H1975, H226, H2170, H520, H1734, H1703,
A549, H1536, and H2228 using Western analysis. The
transcription levels of these genes in H292 cells were
determined by microarray analysis or qRT-PCR. Wes-
tern analysis revealed that the levels of their products
were also elevated in H292 cells compared with those in
NHTBE cells (Fig. 3). The expression levels of the
proteins Beta-catenin, GAS6, AKT, APIS, and BCL2
varied among the different lung cancer cell lines tested.
Strikingly, CDK1 and CCNB1 were highly expressed in
almost all of the lung cancer cell lines but not in NHTBE
cells. The gene expression levels detected by gqRT-PCR
and Western analysis were in good agreement with those
detected by microarray analysis (Table 3).

Validation by FACS analysis of changes in apoptosis,
cell cycle kinetics, and cell proliferation

As the expression of genes related to the apoptosis, cell
cycle, and proliferation pathways was greatly altered in
H?292 cells relative to the NHTBE cells, we used FACS
analysis to verify that the processes they are expected to
mediate or control were altered in a similar manner. Cell
cycle analysis using propidium iodide staining indicated
that there were significant differences in the numbers of
cells in the M4 (apoptotic or necrotic cells), G1/GQ, S,
and G2 phases between H292 and NHTBE cells
(Fig. 4a—). A significantly lower percentage of H292
cells was found to be in the M4, G1/G0, and G2 phases
compared with NHTBE cells, but a significantly higher
percentage was in S phase (Fig. 4c). These findings
indicate that in H292 cells both the G1/S and G2/M



Table 3 Differentially expressed genes related to WNT pathways, apoptosis, or cell proliferation-identified via microarray analysis

Gene symbol* Gene LBFC® Relative change Western
(product) description based on gRT-PCR analysis

WNT pathway related

Beta-catenin Catenin (cadherin-associated protein), beta 1 (88 kDa) 1.9 NA Confirmed

CBP CREB-binding protein 2.3 NA

CKl1 Casein kinase 1 1.7 NA

CK2 Casein kinase 2 3.8 NA

Dvl Human Disheveled protein 2.1 NA

GAS6 Growth arrest-specific 6 2.4 18.6+2.0 Confirmed

MYC v-myc myelocytomatosis viral oncogene homolog 33 62+23

SFRPI Secreted Frizzled-related protein 1 243 12854

TCF T-cell factor 2.1 NA

Cell cycle related

CCNBI Cyclin Bl 3.0 NA Confirmed

CDKI1 Cyclin-dependent kinase 1 1.4 8.0+1.4 Confirmed

CITED2 Cbp/p300-interacting transactivator 52 NA

E2F3 E2F transcription factor 3 32 NA

FENI Flap structure-specific endonuclease 1 4.7 NA

MAD2LI MAD?2 [mitotic arrest deficient-like 1 (yeast)] 39 NA

PDGFA Platelet-derived growth factor alpha polypeptide 6.6 NA

SMC1LI SMCI [structural maintenance of chromosomes 1-like 1 (yeast)] 3.6 NA

SM(4L1 SMC4 [structural maintenance of chromosomes 4-like 1 (yeast)] 3.9 NA

TPS3 Tumor protein p53 (Li-Fraumeni syndrome) 3.0 233+11.4

Apoptosis related

AATF Apoptosis-antagonizing transcription factor 24 43.5+2.7

AKT v-akt murine thymoma viral oncogene 1.2 23.0£25 Confirmed

API3 Apoptosis inhibitor 5 1.5 384+23 Confirmed

BCL2 B-cell lymphoma/leukemia-2 2.3 NA

BCLX BCL2-like 1 1.2 17.7£2.1

CYCS Cytochrome ¢ 2.9 278+1.7

FANCG Fanconi’s anemia, complementation group G -9.0 NA

LOHII1CR2A Loss of heterozygosity, 11, chromosomal region 2, gene A -6.2 —339+17.5

Cell proliferation

AKRIC3 Aldo-keto reductase family 1, member C3 -3.6 NA

AXL. AXL receptor tyrosine kinase 24.7 29+1.4

CSEIL CSE] [chromosome segregation l-like (yeast)] 39 NA

EGEFR Epidermal growth factor receptor (v-erb-b oncogene) 34 NA

FSCNI Singed-like (Drosophila) (fascin homolog, sea urchin) 5.5 NA

GPNMB Glycoprotein (transmembrane) Nmb —4.5 NA

IGFBP4 Insulin-like growth factor-binding protein 4 6.6 2.6+0.7

MATK Megakaryocyte-associated tyrosine kinase 3.6 NA

RARRES3 Retinoic acid receptor responder (tazarotene induced) 3 -9.6 NA

SERPINF] Serine (or cysteine) proteinase inhibitor -3.5 NA

TGFBI Transforming growth factor beta-induced 3.5 NA

Others

KRT6E Keratin 6 —5.4 —-64.0+£29.7

TF Transferrin —-22.5 —18.5+£6.6

transitions are altered. To confirm these findings and
this interpretation, we used more specific methods to
analyze apoptosis and cell proliferation in NHTBE and
H292 cells (see Materials and methods). To analyze
apoptosis, we used Annexin-V-FLUOS in combination
with PI to distinguish apoptotic and necrotic cells from
viable cells by characterizing the loss of plasma mem-
brane asymmetry, and we performed mitochondrial
membrane potential analysis with MTGreen and
CMXRos to further elucidate the interaction between
BCL2 and CYCS in the H292 cells. The Annexin-V-
FLUOS experiment showed that 27.04% of the NHTBE
cells underwent programmed cell death, but only 2.05%
of the H292 cells did so (Fig. 4d). Analysis of the
mitochondrial membrane potential also showed a sta-

tistically significant difference between NHTBE and
H292 cells (Fig. 5). Specifically, H292 cells showed sig-
nificantly less loss of membrane potential than NHTBE
cells did. This may be due mainly to BCL2-dependent
inhibition of the release of CYCS from the mitochondria
in the H292 cells.

In addition, to measure cell proliferation, we calcu-
lated the ratio of BrdU-stained nuclei to the total
number of nuclei. Immunohistochemical staining using
an anti-BrdU-FITC antibody indicated that 19.75% of
the H292 cells but only 5.16% of the NHTBE cells were
in the S phase (Fig. 4d). Thus, the H292 cells show a
significantly higher rate of cell cycle progression and cell
proliferation and a lower level of apoptosis than the
NHTBE cells.
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Discussion

[t is generally accepted that NSCLC, adenocarcinoma
and squamous cell carcinoma in the lung generally
arise from airway and alveolar epithelial cells.
Numerous previous microarray analyses of NSCLC
rissues and cell lines focused on survival prediction,
molecular characteristics, tumor classification, target
dentification, and tumor and cell line integration
(Petty et al. 2004; Whitsett et al. 2004). However, the
ase of morphologically normal tissue taken from sites
adjacent to tumor tissue as the normal control has
provoked concern. In addition, it has been well doc-
amented that bronchial epithelia cells do not retain
the normal mucociliary phenotype if they are grown
and maintained submerged in culture medium on a
two-dimensional plastic culture plate (Wu et al. 1990;
Ostrowski and Nettesheim 1995). In this study we
used organotypically cultured, fully differentiated,
normal primary bronchial epithelial cells, which reca-
pitulate the in vivo differentiation of bronchial epi-
thelia as our normal control. The H292 NSCLC cell
line was used as the tumor counterpart for microarray
analysis and several NSCLC cell lines maintained
under their optimal culture conditions were used to
verify differential expression of selected genes.

In order to evaluate the usefulness of our model for
the study of lung carcinogenesis, we compared our
resulis with gene expression-profiling studies recently
done by others using lung specimens and cell lines
(Nacht et al. 2001; Amatschek et al. 2004; Kettunen
2t al. 2004). One should note that it is difficult to
compare studies that use different array platforms or
methods (cDNA array; cDNA subtraction; serial

analysis of gene expression, SAGE), different types of
specimens (tumor tissue vs. normal tissue; tumor tissue
vs. tumor cell lines), and different analytical and sta-
tistical algorithms, as already pointed out by Kettunen
et al. (2004). These differences could contribute to a
certain degree of disagreement among studies. We
found that our set of differentially expressed genes
showed 86.7%, 68.4%, and 62.5% agreement with
those presented by Kettunen et al. (2004), Amatschek
etal. (2004) and Nacht et al. (2001), respectively
(Table 4). Of the upregulated genes identified by
Kettunen et al (2004) in a comparison of tumor tissue
with normal tissue, 15 genes overlapped with our set,
and 13 (86.7%) of these, including the genes for in-
tegrin beta 4 (ITGB4), retinoic acid receptor gamma
(RARG), insulin-like growth factor-binding protein 5
(IGFBP5), and integrin alpha 6 (I TGA6)—those most
highly upregulated in lung specimens—agreed with the
expression changes detected in this study. These results
indicate that the organotypically cultured primary
bronchial epithelial cells could be a useful model for
normal controls in the study of lung epithelial carci-
nogenesis.

We also assigned the differentially expressed genes to
biological pathways, and found that genes related to the
WNT, apoptosis and cell cycle pathways, and to cell
proliferation, were concurrently deregulated in the
NSCLC cells. A scheme depicting the biological network
consisting of three pathways [WNT, cell cycle and
apoptosis, which include the mitochondrially and tumor
necrosis factor (TNF)-regulated pathways], and the
proliferation phenotype, that are deregulated in H292
cells was constructed based on our findings and data
mining using public database PubMed and the KEGG
(Fig. 6).
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Fig. 4 a-d FACS analysis of the cell cycle, apoptosis, and
probiferation in NHTBE and H292 cells. Panels a and b show the
results of repeated experiments, which indicate that there were
significant differences between the two cell lines. a NHTBE cells. A
significantly higher percentage of the NHTBE cells is in the M4
(apoptosis or necrosis) or G2 phase. b H292 cells. A significantly
higher percentage of H292 cells is in S phase. ¢ Summary of the
statistical analysis. d Comparisons of rates of apoptosis and cell
prohiferation between the NHTBE and H292 cells indicate that the
H292 cells are more active in proliferation and less active in
apoptosis. Thus, about 19.75% of the H292 cells progressed from
the G1 checkpoint to S phase, but only about 5.16% of the
NHTBE cells were in S phase. Moreover, only 2.05% of the H292
cells. compared with 27.04% of the NHTBE cells, were found to be
apoptotic

The WNT pathway has been shown to be involved in
approximately 90% of colorectal cancers (Giles et al.
2003), Although differential regulation of components of
the the WNT pathway such as B-catenin and Disheveled
(Dvl) was previously reported in lung cancer (Smythe
et al. 1999), the role of the WNT pathway in lung epi-
thelial carcinogenesis is much less clear. In the current
study, we found that 10 WNT pathway-related genes
(SFP, SFRPI, CK1, CK2, Dvl, GAS6, B-catenin, PP2A,
CBP, and TCF) were upregulated in H292 cells. For-

NHTBE | H292

NHTBE | H292 | NHTBE| H292

m NHTBE
O NCI-H292

T

Apoptosis Proliferation

mation of WNT-SFP complexes triggers activation of
the WNT pathway by activating Dvl, which is also
activated through phosphorylation by casein kinase
(CK) (Willert et al. 1997). The activated Dvl inhibits
formation of a complex comprising Beta-catenin, APC,
Axin, and GSK. GAS6, a growth factor, inhibits GSK
activity and induces upregulation of cytosolic Beta-
catenin (Goruppi et al. 2001). The tumor suppressor
genes coding for APC, Axin, and GSK did not show
changes in expression in H292 cells, but those for CBP
and TCF, which form a transcriptional regulatory
complex with B-catenin, were significantly upregulated
in H292 cells. Activation of the WNT pathway can ac-
count for the overexpression of MYC (which is one of
the pathway’s critical targets) and an oncogene that has
been demonstrated to be overexpressed in NSCLC
(Broers et al. 1993).

Surprisingly, SFRP1 was also overexpressed in H292
cells. SFRPs have been reported to sequester WNTSs by
direct binding (Uren et al. 2000), thus inactivating the
WNT pathway. WNTs are secreted growth-factor-like
proteins that include at least 19 different isotypes.
However, not every isotype induces the release of
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Fig. § a, b Measurement of apoptosis based on the loss of
mitochondrial membrane potential. Cells were treated with
MTGreen (which stains all mitochondria) and CMXRos (which
enters mitochondria that show a loss of membrane potential).
Panels a and b show combination dot plots for total NHTBE (a)
and H292 (b) cells stained with both agents. Areas marked R2
encompass the apoptotic cells, which show a loss of mitochondrial
membrane potential. The Table below the graphs summarizes the
data obtained from the membrane potential analysis. The values in
the MTGreen and CMXRos columns represent the total events
inumbers of cells) detected in the MTGreen and CMXRos
channels. The MTGreen value is a measure of the number of
mitochondria per cell, the CMXRos value is a measure of the
induction of apoptosis, as indicated by a drop in mitochondrial
membrane potential. The values in the LMP column indicate the
percentages of apoptotic cells (those located in the R2 region) in the
two dot plots. NS and S represent nonsignificant and significant
differences between the NHTBE and H292 cells

B-catenin and enhances expression of targets of the
WNT pathway. Recent discoveries have demonstrated
that WNT5a inhibits B cell proliferation and suppresses
hematopoietic malignancies (Liang et al. 2003), and
promotes degradation of B-catenin (Topol et al. 2003).
WNT7a was also reported to be absent, or present in
reduced amounts, in lung cancer cells and primary tu-
mors (Calvo et al. 2000). WNT5a and WNT7a have
both been implicated as potential tumor suppressor
genes (Ohiro et al. 2003; Topol et al. 2003). Thus, fur-
ther studies will be needed to clarify whether SFRP1
sequesters tumor-suppressing WNTs and prevents
tumor-suppressing signals from reaching the WNT
pathway. Taken together, our results strongly suggest
that the WNT pathways play an important role in lung
epithelial cell carcinogenesis.

Genes involved in cell cycle regulation and cell
proliferation were also upregulated in H292. Cell cycle
genes-—specifically  CCNBI and CDKI1, the key
regulators of the G2/M transition—were ubiquitously
overexpressed in all of the NSCLC cell lines tested, but

their expression levels were significantly lower in the
NHTBE cells (Fig. 3). CCNB1 and CDKI1 form a
complex that promotes the G2/M cell cycle transition
(Pines 1999; Wasner et al. 2003). It has been reported
that patients whose tumors expressed CCNBI at a high
level had a significantly shorter survival time than did
patients whose tumors expressed CCNBI at a low level
(Soria et al. 2000), but the roles of the CCNB1-CDK1
complex in lung carcinogenesis is unclear. Further
studies of these two genes in NSCLC may contribute to
the identification of biomarkers or therapeutic targets.
Expression of many cell-proliferation-related genes was
substantially altered (at least threefold) in H292 cells.
Specifically, the antiproliferation genes RARRES3,
GPNMB, AKRI1C3, and SERPINF1 were downregu-
lated, and the pro-proliferation genes EGFR, TGFBI,
MATK, CSE1, FSCNI, and IGFBP4 were upregulated
in H292 cells. In addition, AXL is known to be involved
in the neoplastic transformation of fibroblast and leu-
kemia cells (O’Bryan et al. 1991; Neubauer et al. 1997)
and GAS6 induces expression of AXL. Both GAS6 and
AXL were substantially upregulated in H292 cells.
Further characterization of these genes and their func-
tions in normal epithelial cells and lung cancer cells may
be helpful in understanding cell cycle regulation and cell
proliferation in NSCLC.

Apoptosis was blocked in H292 cells. Apoptosis is
regulated by two pathways involving mitochondrial
components and TNF, respectively (Budihardjo et al.
1999; Datta et al. 1999). In H292 cells, BCL2, BAGI,
AKT, and heat shock proteins may block the mitochon-
drial pathway that induces apoptosis. BCL2, which has
been previously reported to be abnormally expressed in
NSCLC (Han et al. 2002), blocks the release of CYCS by
blocking the mitochondria voltage-dependent anion
channel (Shimizu et al. 1999). HSP70 and HSP90 have
been reported to be antiapoptotic proteins (Beere et al.



Table 4 Comparison of differentially expressed genes identified in the present study with data from previous studies

Gene product (name) LBFC Compatible with previous findings
A kinase (PRKA) anchor protein (gravin) 12 (AKAP12) 26.5 No?*
Arachidonate 5-lipoxygenase (ALOXS5) —18.3 Yes*
BENE -3.1 Yes?
Bone morphology protein 5 (BMPS) =22 Yes?
Caveolin 1 (CAV1) 1.8 No*
Cyclin Bl (CCNB1) 3.0 Yes™ ©
Collagen 4, alpha 2 (COL4A2) 35 Yes*
Desmoplakin I (DPI) 6.4 Yes® P
High-mobility group protein (HMGI) 22 Yes*
Insulin-like growth factor-binding protein 5 (IGFBP5) 2.5 Yes*
Integrin beta 4 (ITGB4) 1.9 Yes*
Integrin group 2.8 Yes®
Integrin, alpha 6 (ITGA6) 3.0 Yes®
Retinoic acid receptor, gamma (RARG) 2.3 Yes®
STAT induced STAT inhibitor 3 (SOCS3) -2.1 Yes®
Aldo-keto reductase family 1, member C3 (AKRI1C3) -53 No®
Bullous pemphigoid antigen 1 (230/240kD) (BPAG1) 7.3 Yes®
Calumenin (CALU) 2.6 Yes®
Cytochrome P450, subfamily I (CYP1BI1) 2.2 Yes®
Glycoprotein (transmembrane) nmb (GPNMB) -7.9 No®
Glyoxalase 1 (GLOID) 1.9 Yes®
Keratin 6A (KRT6A) -7.0 No”
Laminin. gamma 2 (LAMC2) -28 No®
Ornithine decarboxylase 1 (ODCI) 4.5 Yes®
Parathyroid hormone-like hormone (PTHLH) 2.1 YesP
Phosphoglycerate kinase 1 (PGK1) 1.9 Yes®
Prostaglandin-endoperoxide synthase 2 (PGES2) 5.4 Yes®
RAN, member RAS oncogene family (RAN) 2.8 Yes®
Reticulocalbin 1, EF-hand calcium-binding domain (RCN1) 2.9 Yes®
Transmembrane 4 super family member 1 (TM4SF1) 2.7 No®
Trefoil factor 3 (intestinal) (TFF3) —2.7 No®
Tripartite motif-containing 29 (TRIM?29) 29 Yes®
Aldo-keto reductase family 1, member B10 (AKR1B10) 2.4 No°
Keratin 14 (KRT14) -23 Yes©
Keratin 17 (KRT17) 5.2 No¢
Keratin 19 (KRT19) -38 Yes®
Keratin 6A (KRT6A) -7.0 Yes®
Mucin | (MUCH) -6.3 No°
Small proline-rich protein 1B (Cornifin) -5.5 Yes®
Tubulin, beta polypeptide (TubulinB) 2.5 Yes®

* Kettunen et al. (2004)
" Amatschek et al. (2004)
¢ Nacht et al. (2001)

2000; Pandey et al. 2000). HSP70 is localized in both the
cytoplasm and the nucleus in 90% of NSCLC cells
(Malusecka et al. 2001). HSP70 binds to APAF1 and
prevents the recruitment of caspases to the apoptosome
complex (Beere et al. 2000), while HSP90 inhibits CYCS-
mediated oligomerization of APAF1 and subsequent
activation of procaspase 9 (Pandey et al. 2000). The TNF
pathway may contribute to the inhibition of apoptosis in
H292 cells, as genes for key members of the TNF pathway
(TNF, TNF receptor, nuclear factor-xB, and API) were
all substantially upregulated in H292 cells.

Although we maintained primary NHTBE, H292, and
other NSCLC cells under conditions that are optimal for
culture of the respective lines, as shown by us and others
(Rose et al. 2001; Koo et al. 2002), and performed
experiments when cultures had reached a stable plateau
phase in order to minimize the effect of exponential cell
growth on the expression profiles, a caveat to the inter-

pretation of our current results is that the gene expression
profiles were compared between NHTBE cells and pul-
monary mucoepidermoid NCI-H292 cell line, and thus
some of the profiles may only represent subsets of genes
unique to the in vitro culture system. Further verification
of the differentially expressed genes using clinical tumor
samples is required. However, it is noteworthy that the
organotypic bronchial epithelial cells in culture, which
mimic in vivo airway epithelium, can provide a useful
model system for understanding the progression of nor-
mal bronchial epithelial cells to premalignant and
malignant transformation.

In summary, by comparing the gene expression profile
of H292 NSCLC cells with that of NHTBE cells cultured
in a three-dimensional organotypic culture system, we
were able to identify genes (CCNB! and CDKI, etc.)
which could be potential biomarkers and therapeutic
targets. Our results suggest that the abnormal growth
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Fig. 6 Schematic representation of the genetic networks that are
altered in H292 cells. The network consists of the pathways
mediating WNT responses, cell cycle regulation, apoptosis (which
includes mitochondrially and TNF-regulated pathways), and cell
proliferation. The genes in green showed no change, the genes in
red were upregulated, and the genes in blue were downregulated in
H292 cells. The numbers in black indicate the LBFC (see Materials
and methods), while the numbers marked with asterisks were
obtained from qRT-PCR results. DVL, human Disheveled protein;
CK1. casein kinase 1; CK2, casein kinase 2; GSK, glycogen
synthase kinase 3 beta; PP2A, protein phosphatase 2A; CBP,
CREB-binding protein; TCF, T-cell factor; TGF-B1, transforming
growth factor-beta 1; RAS, Ras; GADD, growth arrest and DNA-
Jdamage-inducible gene; E2F2, E2F transcription factor 2; MCM,
minichromosome maintenance deficient; TNFR, TNF receptor;
NF-xB. nuclear factor-xB; HSP70, heat shock protein 70 kD;
HSPY0, heat shock protein 90 kD; APAF1, apoptotic protease
activating factor 1; BAD, Bcl-XL/Bcl-2-associated death gene;
BAGI1. BCL2-associated athanogene 1

and survival of the NSCLC cells results from concurrent
deregulation of WNT, apoptosis and cell cycle pathways.
These pathways were also found to be altered in many
other types of cancer cells. Our findings help to elucidate
parts of the intricate networks that are altered in NSCLC
cells and provide a gene pool for the identification of
biomarkers or therapeutic targets.
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Abstract

Farnesyl transferase (FT) inhibitors (FTI) are anticancer
agents developed to target oncogenic Ras proteins by
inhibiting Ras farnesylation. FTIs potently synergize with
paclitaxel and other microtubuie-stabilizing drugs; however,
the mechanistic basis underlying this synergistic interaction
remains elusive, Here we show that the FTI lonafarnib affects
the microtubule cytoskeleton resulting in microtubule bundle
formation, increased microtubule stabilization and acetyla-
tion, and suppression of microtubule dynamics. Notably,
treatment with the combination of low doses of lonafarnib
with paclitaxel markedly enhanced tubulin acetylation (a
marker of microtubule stability) as compared with either drug
alone. This synergistic effect correlated with FT inhibition and
was accompanied by a synergistic increase in mitotic arrest
and cell death. Mechanistically, we show that the combination
of lonafarnib and paclitaxel inhibits the in vitro deacetylating
activity of the only known tubulin deacetylase, histone
deacetylase 6 (HDACS6). In addition, the lonafarnib/taxane
combination is synergistic only in cells lines expressing the
wild-type HDAC6, but not a catalytic-mutant HDACS, revealing
that functional HDAC6 is required for the synergy of
lonafarnib with taxanes. Furthermore, tubacin, a specific
HDACS inhibitor, synergistically enhanced tubulin acetylation
in combination with paclitaxel, similar to the combination of
lonafarnib and paclitaxel. Taken together, these data suggest a
relationship between FT inhibition, HDAC6 function, and cell
death, providing insight into the putative molecular basis of
the lonafarnib/taxane synergistic antiproliferative combination.
(Cancer Res 2005; 65(9): 3883-93)

Introduction

Farnesyl transferase (FT) inhibitors (FTT) are a novel class of
antineoplastic agents that have high antitumor activity and are
currently in clinical trials (1-3). These agents inhibit the FT enzyme,
which posttranslationally modifies proteins by the addition of a 15-
carbon farnesyl group. The initial driving force behind FTI
development was based on the finding that oncogenic Ras, a low
molecular weight GTPase, induces malignant transformation upon

Note: Supplementary data for this article are available at Cancer Research Online
{http://cancerres.aacrjournals.org/).
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University School of Medicine, Room D4054, 1365C Clifton Road. Atlanta, GA 30322.
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addition of a farnesyl group to its COOH terminus by the FTase. This
in turn allows it to localize to the plasma membrane and acts as a
relay switch by transducing biological information from extracel-
lular signals to the nucleus (for review see ref. 4).

Because Ras farnesylation is required for Ras membrane
localization, FTase became an attractive target for new anticancer
agents (5-7). Furthermore, based on the finding that oncogenic Ras
mutations are found in 30% of all human cancers (8, 9), it was
hypothesized that tumor growth could be inhibited by preventing
Ras farnesylation. Thus, FTIs were developed as targeted agents
against Ras and were shown to inhibit Ras function (10) as well as
possess potent antitumor activity in multiple cancer cell lines and
animal models. Despite the initial hypothesis that FTIs inhibit
tumor growth by inhibiting Ras farnesylation, it was later shown
that FTIs show antitumor activity independent of Ras status (11-13),
suggesting that the mechanism of FTI activity extends beyond the
inhibition of Ras farnesylation (14).

To probe the molecular mechanisms of FTI action, some
previous works have focused on the relationship between FTIs
and microtubule-targeting agents. Microtubules are dynamic
polymers composed of a- and P-tubulin subunits that elongate
and shorten. In the cell, they function in a variety of processes
including cell division, cell signaling, and intracellular trafficking
(reviewed in ref. 15). Because microtubules are essential compo-
nents of the cell division machinery, they are attractive and
validated targets for anticancer therapy (16, 17) as evidenced by the
clinical success of microtubule-targeting drugs such as taxanes
(18-20). More recently, epothilones, a new class of microtubule-
targeting drugs, are in clinical development and show very positive
preliminary results (21). Notably, FTIs in combination with
paclitaxel or epotholines act synergistically to inhibit cell growth
in numerous human cancer cell lines and xenograft models
(14, 22-24). In addition, a combination clinical study of the FTI
lonafarnib (SCH66336 or sarasar) with paclitaxel yielded impressive
preliminary results, with partial responses in 8 of 20 evaluable
patients, including patients whose disease had previously pro-
gressed while on taxanes alone (25). Despite these promising
results, the molecular mechanism of the synergistic interaction of
FTIs with taxanes is unknown.

The synergy between taxanes and FTIs suggests that there may be
a link between microtubules and the mechanism of FTT action. This is
further supported by studies showing that FTI-2153 inhibited normal
bipolar microtubule spindle formation, suggesting that spindle
microtubules may have been affected by this treatment (26-28).
These FTI-treated cells were arrested in early mitosis and this effect
was independent of p53 and Ras status. Nevertheless, the effects of
FTI treatment on interphase microtubules have not been examined.
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Here we investigated the effects of lonafarnib (29) on interphase
microtubules in lung and breast cancer cells. Our results show that
exposure to lonafarnib resulted in microtubule bundle formation,
stabilized interphase microtubules, and suppressed microtubule
dynamics. Moreover, we show that the combination of lonafarnib
and paclitaxel for 16 hours synergistically enhanced tubulin
acetylation, mitotic arrest, and cell death; furthermore, this effect
correlated with FT inhibition. In addition, the combination of
lonafarnib and paclitaxel inhibits the deacetylating activity of
histone deacetylase 6 (HDAC6) in vitro, whereas either drug alone
does not. Importantly, we show that the lonafarnib/taxane
combination is synergistic only in cells lines expressing the wild-
type HDAC6, but not a catalytic-mutant HDAC6, revealing that
functional HDACS6 is required for the synergy of lonafarnib with
taxanes. Taken together, these data suggest a relationship between
FT inhibition, HDAC6 function, enhanced tubulin acetylation, and
cell death, providing a putative molecular basis for the lonafarnib/
taxane antiproliferative combination.

Materials and Methods

Cell culture. The human non-small cell lung cancer cell lines A549 and
H(299 were maintained in RPMI 1640 supplemented with 5% FCS,
nonessential amino acids, and 0.1% penicillin/streptomycin at 37°C in 5%
CO,. Live cell microscopy was done with MCF-7 breast cancer cells stably
transfected with green fluorescent protein (GFP):a-tubulin and maintained
in DMEM supplemented with 5% FCS, nonessential amino acids, and 0.1%
penicilin/streptomycin.. All lines were cultured at 37°C in a humidified
atmosphere with 5% CO,. NIH-3T3 cells expressing various HDAC6
constructs were previously generated (30) and were cultured in DMEM
medium under the same conditions.

Immunofluorescence analysis. Immunofluorescence microscopy was
done as previously described (31). Cells were fixed in PHEMO buffer (68
mmol/l, PIPES, 25 mmol/L HEPES, 15 mmol/L EGTA, 3 mmol/L MgCl,
10% DMSO) with 3.7% formaldehyde, 0.05% glutaraldehyde, and 0.5%
Triton X-100. Cells were washed in PBS thrice for 5 minutes then blocked
in 10% goat serum for 15 minutes. The following primary antibodies were
used: «-tubulin (Chemicon International, Temecula, CA; 1:500 dilution) and
acetylated tubulin (Sigma, St. Louis, MO; 1:1,000 dilution) with incubation
time of | hour. The secondary antibodies used were Alexa 563—conjugated
goat anti-rat immunoglobulin G (IgG; 1:500) and Alexa 488-conjugated
goat anti-mouse IgG antibody (1:500), both from Molecular Probes
(Eugene, OR). Cells were imaged using a Zeiss LSM 510 Meta (Thornwood,
NY) confocal microscope using a either a 63X [numerical aperture (NA) =
14 or 100x (NA = 1.4) Apochromat objective. To stain DNA for mitotic
cell counting, we fixed cells as described above, and added Sytox Green
(Molecular Probes) to the Gel Mount mounting media (Biomeda Corp.,
Foster City, CA). All images were acquired using Zeiss LSM 510 software
and processed in Adobe Photoshop 7.0.

Cell tubulin polymerization assay. Quantitative drug-induced tubulin
polymerization was done as previously described (32, 33). The percent pellet
(%P) is calculated as the amount of polymerized tubulin (P) over the total
amount of polymerized and soluble tubulin (P + S) times 100 {%P = [P / (P +
S)| % 100} based on densitometric analysis.

Electron microscopy. A549 cells were seeded on Thermanox coverslips
(Electron Microscopy Sciences, Hatfield, PA}) in 24-well plates and grown
overnight to 60% confluency. Cells were then treated with 10 umol/L
lonafarnib for 48 hours and fixed using a protocol described in Vanier et al.
(34). Cells were then fixed in 2% glutaraldehyde for 4 hours at room
temperature, rinsed in distilled water twice, postfixed in 1% 0sO, in 0.1
mol/L. sodium cacodylate buffer (pH 7.4) at 4 °C for 1 hour, and finally
rinsed in distilled water as above. Samples were then dehydrated through an
ethanol series (30%, 50%. 60%, 80%, 90%, 100%) followed by two changes of
propylene oxide (10 minutes each). Then samples were infiltrated with
Embed 812 (Flectron Microscopy Science) for 3 days according to the

instructions of the manufacturer. Each block was cut at 1 X 1 mm using a
diamond knife and RMC MT-7000 ultramicrotome, and thin sections were
made and collected onto 200 mesh copper grids. Grids were poststained
with 10% uranyl acetate in distilled water and then 2% lead citrate in
distilled water for 20 minutes in each treatment.

Flow cytometry analysis. To determine acetylated tubulin levels, cells
were plated and on the following day treated with different concentrations
of the drugs for 16 hours. After drug treatment, cells were fixed with
PHEMO buffer for 10 minutes as previously described (31) and stained with
an antibody against acetylated tubulin (Sigma; 1:500) followed by secondary
Alexa 488-conjugated goat anti-mouse IgG antibody (1:500). Finally, cells
were scraped into 1 mL of PBS, and flow cytometry analysis was done on a
Becton Dickinson flow cytometer.

For cell cycle analysis, cells were scraped from plates, centrifuged at 1,000
rpm for 5 minutes, and propidium iodide buffer containing 0.1 mg/mL
propidium iodide and NP40 (0.6%) in water was used to resuspend cells.
Cell were incubated in this buffer for 30 minutes at room temperature in
the dark, then passed through a filter to remove cell clumps, and finally read
in a Becton Dickinson flow cytometer.

Microtubule dynamics assays. Experiments were done using a MCF-7
breast cancer cell line stably expressing a GFP-a-tubulin microtubule
reporter protein (kind gift of Dr. Mary Ann Jordan). Cells were plated and
analyzed as previously described (35). Images were taken using a Hamamatsu
Orca ER camera (Middlesex, NJ) every 4 seconds for 2 minutes (250-400
seconds of exposure) on a Zeiss Axiovert epifluorescence microscope
equipped with 100X Apochromat (NA = 1.4) oil lens and adjustable mercury
arc lamp (set at 100% intensity). A stage heater as well as Zeiss heating
chamber was used to maintain the temperature at 37 * 0.5°C. Microtubules
ends at the lamellar edge of interphase cells were imaged and subsequently
tracked using the “track points” feature on Metamorph image analysis
software (Universal Imaging, Downingtown, PA). The coordinates generated
from this tracking feature were used to determine the distance individual
microtubule ends changed from a fixed point. These values were transferred
to a Microsoft Excel spreadsheet and used to generate life history plots of
individual microtubules. From these graphs, the various variables shown in
Table 1 were calculated. All P values were calculated using the Student’s ¢ test.

Microtubule dynamicity is defined as the total length grown and
shortened during the life (measured in minutes) of an individual
microtubule. A catastrophe is defined as a transition into microtubule
shortening whereas a rescue is a transition from shortening to growth or
pause. To calculate catastrophe frequency per unit time or per unit length,
the number of catastrophes was divided by the total time in growth and
pause or the total distance grown, respectively. Conversely, the rescue
frequency was calculated by dividing the number of rescues by the total
time spent shortening or distance shortened.

In vitro acetylated tubulin assay. A549 cells were transiently trans-
fected with Flag-tagged pBJ5-HDAC6 expression plasmids using FuGene
(Roche, Basel, Switzerland) following the guidelines of the manufacturer.
Untransfected cells or cells transfected with an empty vector were used as
controls. In Fig. 54, we used NIH-3T3 cells stably expressing FLAG-tagged
HDAC6-wt and HDAC6-mt proteins and therefore cells did not have to be
transfected. Cell lysates were prepared 48 hours after transfection and then
immunoprecipitated with anti-Flag M2 agarose beads (Sigma). Tubulin
acetylation assays were done by incubating the immunoprecipitates with
preformed mitogen-activated protein-stabilized microtubules at 37°C,
along with the appropriate drug, for 2 hours as described previously (30).
Reactions were then placed on ice for 15 minutes and centrifuged briefly at
14,000 rpm to separate the supernatant from the agarose beads. The
supernatant was analyzed by Western blotting with antibodies against
acetylated a-tubulin and against o-tubulin (as described below) and the
beads were analyzed with an antibody against Flag M2 (Sigma; 1:1,000).

Western blotting. Cells were plated in six-well plates at 50% confluency
and treated the next day with the appropriate drug and time interval. Cells
were lysed, centrifuged at 15,000 rpm for 15 minutes, and electrophoresed
on a 7.5% SDS-PAGE gel (bicinchoninic acid assay was used to determine
protein concentration in a spectrophotometer). Proteins were transferred to
a polyvinylidene difluoride membrane (100 V for 1 hour) using a Bio-Rad
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Table 1. Analysis of in vivo microtubule dynamics in the presence and absence of lonafarnib
Parameter Control Lonafarnib 10 umol/L Percent change
Growth
Rate (um/min) 11.2 + 21 7.7 + 3.8 —31%
Length (um) 29 + 16 1.9 = 0.9 —34%
Time (min) 03 + 008 028 + 0.07 —7%
Shortening
Rate (um/min) 17.1 £ 4.0 99 + 3.3 —41%
Length (um} 53+ 1.9 3.1+ 1.6 —429%
Time (min) 0.34 + 0.11 033 £ 0.1 —3%
Pause
Time (min) 0.36 = 0.23 040 £ 0.2 —11%
Percentage time spent
Growth 30 17
Shortening 17 8.8
Pause 53 742
Dynamicity (um/min) 8.1 &+ 4.0 3.0 £ 19 —63%
Rescue frequency (events/min) 41+ 26 40 £ 25 —2%
Catustrophe frequency (events/min) 09 + 0.8 0.88 = 0.75 —2%
Rescue frequency (events/um) 0.19 + 0.15 0.25 + 0.21 31%
Catastrophe frequency {events/um) 0.33 + 0.29 0.37 + 0.31 12%
Number of cells 21 23
Number of microtubules 81 69
NOTE: Values in boldface differ significantly from control values at >99% confidence interval as determined by Student’s ¢ test. Values are mean + SD.

trunsfer apparatus and blotted with antibodies against acetylated tubulin
(Sigma; 1:1,000), total tubulin (Sigma DMla; 1:1,000), HDJ-2, acetylated
histone 3 (Cell Signaling, Beverly, MA; 1:1,000), actin, and HDAC6 (Cell
Signaling; 1:1,000).

Cell survival and synergy assays (combination index analysis). Cells
were plated in a 96-well plate at 2,000 cells/well and allowed to attach
overnight. Cells were then treated with serial dilutions (1:3) of either
lonafarnib alone, paclitaxel alone, or the combination of lonafarnib and
paclitaxel for 72 hours. Cell were then fixed with 10% trichloroacetic acid for
30 minutes, washed thrice with water, dried, and stained with 0.4%
sulfurhodamine B (protein stain) for 30 minutes. Cells were then washed
with 0.1% acetic acid, air dried, and the bound sulfurhodamine B was
dissolved with 10 mmol/L unbuffered Tris-base (pH 10.5). The plates were
read in a microplate reader (Ase) and synergy was determined using
CulcuSyn software, which calculates the combination index based on the
percent cell survival at varying doses of the drug treatments, both alone and
in combination. A combination index greater than 1 indicates antagonism,
equal to [ is additivity, and less than 1 is synergism.

Results

Lonafarnib treatment alters microtubule structure. To
examine the effects of lonafarnib on interphase microtubules, we
performed live cell microtubule imaging using MCF-7 breast cancer
cells stably expressing GFP:a-tubulin. This cell line allows for the
visualization of microtubules in living cells and eliminates the
possibility of artifacts associated with fixed tissue analyses. Cells
were treated for 48 hours with 5 and 10 umol/L lonafarnib (mean
72-hour ICsq of lonafarnib was 8 pmol/L in seven cancer cell lines
tested; data not shown) and microtubules were observed using live-
cell epifluorescence microscopy (Fig. 14). Nearly all untreated
control cells observed had an extensive, fine, and organized
microtubule network. In contrast, lonafarnib treatment led to a
dose-dependent increase in microtubule bundling compared with

control cells (P < 0.05; Fig. 1B). Treatment with 5 and 10 pmol/L
lonafarnib led to nearly 10% and 25% of cells harboring extensive
microtubule bundling, respectively. Similar microtubule bundles
were observed in nearly 60% of cells treated with paclitaxel,
whereas cells treated under the same condition with the non-
microtubule targeting, DNA-intercalating agent Adriamycin had
identical microtubule morphologies as control cells.

To examine whether these effects were cell line specific, we
performed immunofluorescence microscopy with an anti a-tubulin
antibody on A549 and H1299 human lung cancer cells treated with
lonafarnib. Representative data from this experiment are shown in
Supplementary Fig. S1-4 depicting a dose-dependent increase in

microtubule bundling following lonafarnib treatment for 48 hours.
Lonafarnib treatment increases tubulin acetylation and

microtubule stability. The appearance of microtubule bundles
after lonafarnib treatment in A549, H1299, and MCF-7 cells raises
the possibility that lonafarnib can affect microtubule stability in a
manner similar to paclitaxel. To validate this hypothesis, indirect
immunofluorescence using an antibody against acetylated o-
tubulin was done. Acetylation of w-tubulin at lysine 40 is an
established marker of microtubule stability (36). Thus, the amount
of acetylated tubulin is thought to be proportional to the stability
of the microtubule. As shown in Fig. 1C, lonafarnib treatment for
48 hours resulted in a marked dose-dependent increase in
acetylated «-tubulin, in contrast to the low basal levels of
acetylated tubulin in untreated cells. This effect was similar to
paclitaxel-induced tubulin acetylation, suggesting that lonafarnib
may also affect microtubule stability similar to paclitaxel.

To further probe the effects of lonafarnib treatment on
microtubule stabilization, a cell-based tubulin polymerization assay
was done (32, 33). This quantitative tubulin polymerization assay is
based on the fact that drug-stabilized microtubule polymers remain
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Figure 1. Lonafarnib treatment alters microtubule

structure and increases tubulin acetylation. A,
MCF-7 breast cancer cells stably expressing GFP:
a-tubulin were observed using live-cell

fluorescence microscopy following the indicated

drug treatments for 48 hours. Solid arrows,
microtubule bundling. Bottom row displays higher

magpnification of microtubules shown in the top row.
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detergent insoluble when extracted in a hypotonic buffer and,
therefore, remain in the pellet after centrifugation. Conversely, the
pool of soluble tubulin dimers remains in the supernatant.
Lonafarnib treatment resulted in a dose-dependent increase in
tubulin polymerization, as shown by the increase in the percentage
of tubulin found in the pellet fraction, as compared with untreated
control cells (Fig. LD). Specifically, untreated cells contain almost no
stabilized tubulin (0% tubulin in the pellet) under our experimental

conditions, whereas lonafarnib treatment (5-20 pmol/L) led to a
dose-dependent increase in tubulin polymerization (25-60% of total
tubulin in the pellet fraction). Similarly, treatment with 5 nmol/L
paclitaxel resulted in about 80% tubulin polymerization. The same
blot was reprobed with an antibody against acetylated a-tubulin. A
similar dose-dependent increase in acetylated o-tubulin in the pellet
was observed on lonafarnib treatment and this shift of acetylated-
tubulin towards the polymerized fraction was greater than total
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tubulin. Thus, the majority of tubulin polymers in the pellet fraction
represent stabilized acetylated microtubules rather than random
microtubules trapped in this fraction.

Transmission electron microscopy confirms microtubule
bundles in lonafarnib-treated cells. To obtain high-resolution
analysis of lonafarnib-induced changes of the microtubule
architecture, we did transmission electron microscopy (34). In
contrast to control cells, which had individual microtubules
throughout the cell cytoplasm, lonafarnib treatment induced the
formation of microtubule bundles, similar to the bundles observed
with paclitaxel (Supplementary Fig. $2-B). Interestingly, lonafarnib
treatment mainly led to the formation of loose microtubule
clusters that were longer in length but not as tightly packed as
paclitaxel-induced microtubule bundles, suggesting that lonafar-
nib-induced bundles may differ morphologically from paclitaxel-
induced bundles (Supplementary Fig. $2-B, insets).

Lonafarnib suppresses microtubule dynamics in MCF-7
cells. Drugs that target microtubules potently suppress microtu-
bule dynamics at relatively low concentrations (16, 34) and this
function is essential for their activity. Our results show lonafarnib
targets cellular microtubules; therefore, we investigated whether
lonafarnib also affects microtubule dynamics, similar to other
microtubule-targeting drugs. To test this hypothesis, we measured
microtubule dynamics in living MCF7-GFP:tubulin breast cancer
cells using live-cell fluorescence microscopy. Time-lapse sequences
of microtubule movements were generated from untreated and
lonafarnib-treated cells. Representative time frames show micro-
tubule growth (white arrows), shortening (black arrows), and pause
(white dashed arrows) in untreated control cells (Fig. 24). To
quantitate the effects of lonafarnib on microtubule dynamics, we
tracked microtubule movements in cells treated with 10 pmol/L
lonafarnib and untreated control cells. Individual microtubule life
history plots, depicting changes in microtubule length over time,
were generated (Fig. 2B).

From these life history plots various variables of microtubule
dynamics were measured, comparing the dynamicity of micro-
tubules in control cells and lonafarnib-treated cells (Table 1).
These data show that there is a significant difference (P < 0.05) in
the mean rate (um/min) of microtubule growth and shortening
with a decrease of 31% and 41%, respectively, when lonafarnib-
treated cells (10 pmol/L for 48 hours) are compared with control
cells. Consequently, mean growth and shortening length (um) also
decreased by 34% and 42%, respectively. When the percentage of
total time that microtubules spent in growth, shortening, and
pause states was determined, the growth time dropped from 30%
to 17%, shortening time from 17% to 8.8%, and paused time
increased from 53% to 74.2%; whereas the rescue and catastrophe
frequencies per micrometer increased 31% and 12%, respectively
(see Materials and Methods for definition). The overall dynamicity
of microtubules, which represents the total tubulin length change
per minute after lonafarnib (10 pumol/L) treatment, decreased by
63%. At 20 umol/L lonafarnib, microtubules were almost
completely stabilized and most cells had few, if any, dynamic
microtubules.

Combination of lonafarnib with paclitaxel synergistically
increases acetylated tubulin, mitotic arrest, and cell death.
FTIs have been shown to synergize with microtubule stabilizing
drugs in numerous preclinical models as well as in a phase I
clinical trial (25). These observations were confirmed in our
laboratory by performing combination index analysis assays of
10 different human cancer cell lines treated with paclitaxel and
lonafarnib. These assays revealed a marked synergy (combina-
tion index = 0.2-0.7) between the two drugs (data not shown)
and is consistent with previous findings. Our results, together
with the reported literature, prompted us to hypothesize that
the synergy of lonafarnib with taxanes may in part be due to
their combined effects on cellular microtubule acetylation and
stability.

Figure 2. Lonafarnib treatment
suppresses microtubule dynamics in living
MCF-7 cells. A, time lapse sequences

of microtubules in untreated living

MCF-7 cells stably expressing GFP:
a-tubulin. Arrows depict dynamic
microtubules that change length over the
course of 16 seconds: black arrows,
microtubule shortening; white arrows,
microtubule growth; dashed arrows,
paused microtubules. Bar, 5 um.

B, individual microtubule life history plots
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To test this hypothesis, we quantitated acetylated tubulin levels
using flow cytometry in cells treated for 16 hours (unlike the 48-
hour treatment in Fig. 1B) with lonafarnib and paclitaxel, both
alone and in combination. As shown in Fig. 44, there was not a
significant difference in acetylated tubulin levels between control
untreated cells and cells treated for only 16 hours with lonafarnib
(1, 5, and 10 umol/1.) or paclitaxel (2, 5, and 10 nmol/L) alone. In
contrast, the combination of 1, 5, and 10 umol/L lonafarnib with as
low as 2 nmol/L paclitaxel resulted in a marked increase of
acetylated tubulin similar to that observed with 100 nmol/L. of
paclitaxel alone (Fig. 34). Notably, non-microtubule-targeting
chemotherapy drugs, such as Adriamycin (DNA-intercalating
antibiotic) and U89 (antimetabolite), had no effect on acetylated
tubulin levels, whereas the microtubule-destabilizing drug vincris-
tine led to a slight decrease of acetylated tubulin levels compared
with untreated cells (Fig. 34).

To further explore the synergistic combination of lonafarnib with
paclitaxel, immunofluorescence analysis of acetylated tubulin at
two different time points was done (Fig. 3B). This analysis
confirmed the marked increase in acetylated tubulin levels after
16 hours when low doses of lonafarnib (at 0.5, 1, and 5 umol/L)
were combined with low doses of 2 nmol/L paclitaxel. At 32 hours
of treatment, similar effects on acetylated tubulin were observed,
suggesting that this effect is maintained for at least 32 hours.

Because tubulin acetylation is associated with microtubule
stability, we examined whether the increased levels of acetylated
tubulin observed with the combination of lonafarnib and
paclitaxel resulted in increased mitotic arrest and cell death.
Flow cytometry analysis of DNA content revealed that the
combination of lonafarnib and paclitaxel led to a synergistic
increase in G,-M arrest as compared with each drug alone
(Fig. 3C'). Specifically, 16-hour treatment with as low as 0.5 pumol/
L lonafarnib + 2 nmol/L paclitaxel resulted in a dramatic increase
in Go-M arrested cells as compared with untreated cells or cells
treated with each drug alone. Longer treatment (32 hours) with
the same drug combinations resulted in a dose-dependent
increase in apoptotic cell death that is likely due to cells
previously arrested in mitosis becoming apoptotic (Fig. 3C). The
percentage of apoptotic cells in the combination treatments was
similar to that achieved with paclitaxel at 100 nmol/L, whereas
either drug alone at low dose produced minimal apoptotic cells.
Overall. these results show that the lonafarnib/paclitaxel-mediated
increase in tubulin acetylation correlates with a synergistic
increase in mitotic arrest and cell death.

The synergistic increase in tubulin acetylation correlates
with farnesyl transferase inhibition. Because lonafarnib inhibits
the FT enzyme, we wanted to determine if the increase in
tubulin acetylation observed with the combination of lonafarnib
and paclitaxel correlates with FT inhibition in cells. If so, it
would suggest that the observed increase in tubulin acetylation
may be a consequence of FTase inhibition. To do this, HD}-2 was
used as a readout for FT inhibition, since FTI treatment inhibits
HDJ-2 farnesylation resulting in the appearance of a slower-
migrating non-farnesylated HDJ-2 form. As shown in Fig. 44, 1
umol/L lonafarnib alone and in combination with paclitaxel
inhibited HDJ-2 farnesylation in a time-dependent manner, as
assessed by the increase of the non-farnesylated (upper band)
and concomitant decrease of the farnesylated HDJ-2 band (lower
band). As expected, paclitaxel alone had no effect on HDJ-2
farnesylation. When the same blots were reprobed for acetylated
a-tubulin, we observed a correlation between inhibition of HDJ-2
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Figure 4. The synergistic increase in acetylated tubulin caused by lonafarnib
and paclitaxel treatment correlates with FT inhibition and mitotic arrest. A,
Western blot analysis for acetylated tubulin, HDJ-2 (N, non-farnesylated band;
F, farnesylated band), and total tubulin following lonafarnib and/or paclitaxel
treatment over time. B, percent mitosis assessed by DNA staining, done in
parallel and with the same drug treatments over time as in A. Bars, SD.

farnesylation and tubulin acetylation beginning at 3 hours of
treatment with the lonafarnib/paclitaxel combination. In con-
trast, minimal effect on tubulin acetylation was observed with
either drug alone. Taken together, these results show a positive
temporal correlation between FT inhibition and tubulin acety-
lation when lonafarnib and paclitaxel are combined.

Next, we wanted to determine if there is also a correlation
between tubulin acetylation and mitotic arrest. Therefore, in
parallel with the time course experiment described above, we
quantitated the percentage of cells in mitosis after treatment with
the combination of lonafarnib and paclitaxel. This result is
represented in Fig. 4B showing that there is about a 3-hour delay
between the increase in microtubule acetylation (starting at 3
hours) and the first indication of mitotic arrest (at 6 hours).
Furthermore, the percentage of cells in mitosis increased with
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Figure 5. The synergistic combination of lonafarnib and taxane prevents HDAC6 tubulin deacetylation in vitro and is dependent on HDACS6 functionality. A,
representative Western blots of acetylated a-tubulin, total tubulin, and Flag, following immunoprecipitation (IP) from A549 cells transfected with either Flag-HDAC6-WT
or Flag-HDACE-mut. Before Western blotting the Flag-IP complexes were incubated in vitro with preassembled purified bovine brain microtubule protein in the presence
of various drugs to determine the tubulin deacetylase activity of HDACS6 (/eft-hand blot). B, Western blotting of acetylated tubulin after treatment with tubacin,

a specitic HDACS inhibitor, both alone and in combination with paclitaxel. Trichostatin A (TSA) was used as additional positive control for pan-HDAC inhibition. As a
control for total tubulin ievels, blots were reprobed for a-tubulin. C, immunofluorescence analyses of acetylated tubulin in NIH-3T3 celis stably expressing either
HDAC6-wt or HDAC-mut, following 16-hour drug treatments as indicated. D, assessment of synergy between lonafarnib and docetaxel in HDAC6-wt and HDAC6-mut
using combination index analysis. The lonafarnib/docetaxel combination is synergistic in HDAC6-wt (combination index < 1) but is antagonistic in HDAC6-mt cells
(combination index > 1). Bars, SD. E, representative Western blots of acetylated a-tubulin, total tubulin, and HDACS following immunoprecipitation (IP) from NIH-3T3
cells stably expressing Flag-HDACE-WT. Before Western blotting the Flag-iP complexes were incubated in vitro with preassembled purified bovine brain microtubule
protein in the presence of various drugs to determine the tubulin deacetylase activity of HDACS6. The in vitro effects of trichostatin A (pan-HDAC inhibitor),
lonafarnib, and docetaxel (DTX) on acetylated a-tubulin are shown.

longer exposures to the combination of the two drugs, peaking at purified bovine brain microtubule protein. Western blot analyses of
12 hours of treatment. Overall, this result shows that when acetylated tubulin levels were used as a read-out for HDAC6
lonafarnib and paclitaxel are combined, microtubule acetylation activity (Fig. 54), such that HDAC6 functionality is evidenced by
occurs before mitotic arrest and suggests that there is a correlation tubulin deacetylation. As a positive control, we used trichostatin A,
between tubulin acetylation/stability and mitotic arrest. which inhibits the function of all histone deacetylases including

Lonafarnib in combination with paclitaxel inhibits the HDACS6. As expected, bovine brain tubulin is heavily acetylated
tubulin deacetylating activity of histone deacetylase 6. Our (lane 1) and coincubation with wt-HDAC6 almost completely
observation that lonafarnib and paclitaxel synergistically enhance deacetylated tubulin (lane 3). In contrast, coincubation with the
tubulin acetylation (Fig. 3) prompted us to explore the possibility catalytically inactive mutant HDAC6 had no effect on tubulin
that this effect is due to the functional inhibition of the only known acetylation (last lane). The addition of lonafarnib or paclitaxel
tubulin-specific deacetylase (30), HDAC6. To determine the effect alone to the purified wild-type HDAC6-tubulin complex had no
of lonafarnib on HDAC6 function, we transfected A549 cells with effect on HDACS activity because tubulin was heavily deacetylated,
FLAG-tagged HDAC6 (wild-type or catalytic subunit mutant) and indicating normal HDAC6 activity. In contrast, when lonafarnib
these proteins were immunoprecipitated with an anti-FLAG (variable doses) and paclitaxel (kept constant at 10 umol/L) were
antibody (see Materials and Methods). The tubulin deacetylase combined in vitro, there was a dose-dependent increase of tubulin
activity of HDACS in the presence of lonafarnib and paclitaxel was acetylation, suggesting that the combination of these agents
assayed in vitro by coincubating the immunoprecipitants with inhibits tubulin deacetylating HDAC6 activity. Paclitaxel alone
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had no effect on HDAC6 activity even at 100 pmol/L. We also tested
the microtubule depolymerizing agent colchicine for HDAC6
inhibitory activity, and like paclitaxel, it did not inhibit HDAC6
function.

Since our results suggest that the combination of lonafarnib and
paclitaxel synergistically inhibits HDAC6 function, we wanted to
determine if these drugs also affect the function of other histone
deacetylases. Thus, we treated A549 cells with lonafarnib, alone and
in combination with paclitaxel, for 16 hours and probed for
acetylated histone 3. Trichostatin A (a pan-HDAC inhibitor) was
included as a positive control. As expected, treatment with
trichostatin A resulted in increased levels of acetylated histone 3.
[n contrast, no effect on acetylated histone 3 was observed with
lonafarnib treatment either alone or in combination with paclitaxel
{Supplementary Fig. S2), suggesting that lonafarnib and/or
paclitaxel does not affect the function of other histone deacetylases.

To probe the importance of HDAC6 inhibition in the mechanism
of synergy between lonafarnib and paclitaxel, we combined a
specific HDAC6 inhibitor, tubacin, with paclitaxel. This experiment
allows us to determine whether the combination of a specific
HDACS inhibitor with paclitaxel leads to a synergistic increase in
tubulin acetylation, similar to the lonafarnib/paclitaxel combina-
tion. Western blot analysis of A549 cells treated with the
combination of tubacin and paclitaxel at low doses (beginning at
0.3 umol/L tubacin and 1 nmol/L paclitaxel) led to a synergistic
increase in acetylated tubulin, as compared with either drug alone
(Fig. 5B). These findings were confirmed with acetylated tubulin
immunofluorescence (data not shown). Thus, specific inhibition of
HDACS (e.g., with tubacin) in combination with paclitaxel leads to
a synergistic increase in acetylated tubulin, further suggesting that
the lonafarnib/paclitaxel inhibition of HDAC6 activity provides a
mechanistic basis for the enhanced tubulin acetylation. Further-
more, the addition of 3 and 10 umol/L tubacin (ICs, > 1 mmol/L) to
paclitaxel (ICsy 7.7 = 1.7 umol/L) decreased the ICs, of paclitaxel,
20.8% and 31.5%, respectively (Supplementary Table S1). Similar
results were also observed when tubacin was combined with
docetaxel (Supplementary Table S1), suggesting that although
tubacin as a single agent is not cytotoxic, its affect on tubulin
acetylation can enhance the cytotoxicity of paclitaxel.

lo further explore the functional importance of HDAC6 in the
synergy between lonafarnib and paclitaxel, we tested this drug
combination in a pair of cell lines engineered to stably express
either wild-type HDAC6 (HDAC6-wt) or a catalytic mutant
HDAC6 (HDAC6-mut). These cells lines will allow us to determine
if a functional HDAC6 protein is required for the observed effects
on acetylated tubulin. In agreement with previously published
data (30), HDAC6-wt cells had lower baseline levels of acetylated
tubulin relative to HDAC6-mut cells, consistent with the presence
of a functional versus a nonfunctional HDAC6 (Fig. 5C,
untreated). Upon treatment with the lonafarnib/paclitaxel com-
bination, there was a synergistic increase in acetylated tubulin in
HDAC6-wt cells as expected; however, the lonafarnib/paclitaxel
combination had no effect on tubulin acetylation in the HDAC6-
mut cells. These results indicate that the synergistic increase in
acetylated tubulin induced by the lonafarnib/paclitaxel combina-
tion is dependent on the presence of a functional HDACS6.

Next. we wanted to determine if functional HDAC6 is required
not only for the synergistic increase in acetylated tubulin with the
lonafarnib/taxane combination (Fig. 5C) but also for the
synergistic antiproliferative activity of the drugs. Thus, we did
cylotoxicity assays employing the routinely used combination

index analysis to assess synergy between the two drugs against
cells with HDAC6-wt and HDAC6-mut genetic background. Our
results show that the combination of lonafarnib with docetaxel
resulted in a robust synergistic antiproliferative effect in HDAC6-
wt cells (mean combination index = 0.4, indicating strong synergy:
Fig. 5D). In stark contrast, the combination of lonafarnib and
docetaxel was antagonistic in the HDAC6-mut cells {mean
combination index = 2.5), suggesting that the lack of functional
HDAC6 in these cells not only precludes increased levels of
acetylated tubulin with this drug combination but also abolishes
their antiproliferative synergy. To confirm that the combination of
docetaxel with lonafarnib inhibits the tubulin deacetylase activity
of HDACS6 in vitro, similar to our previous results with paclitaxel
(Fig. 54), we used cells stably expressing wild-type HDAC6 to
immunoprecipitate HDAC6, and performed an in vitro tubulin
deacetylase assay. Our data show that the combination of 10
umol/L lonafarnib with 10 umol/L docetaxel resulted in a
synergistic inhibition of HDAC6 function, as evidenced by the
appearance of acetylated tubulin, whereas either drug alone had
no effect on HDAC6 functionality (Fig. 5E). Collectively, these data
provide a mechanistic link between HDAC6 inhibition, tubulin
acetylation, and the synergistic interaction of these drugs.

Discussion

Analyzing the effects of lonafarnib as a single agent on
microtubules. The FTIs were developed as targeted therapies
against cancers with oncogenic Ras mutations, however, FTIs were
shown to retain their activity independently of Ras status (11-13).
Here we examined the effects of the FTI lonafarnib on interphase
microtubules in human cancer cells. Our results show that
prolonged exposure (48 hours) to lonafarnib alone leads to
microtubule stabilization as evidenced by increased tubulin
acetylation, suppression of microtubule dynamics, and bundle
formation (Figs. 1 and 2; Table 1). Because tubulin acetylation is
an established marker of microtubule stability (36), we believe that
the lonafarnib-induced microtubule stabilization may contribute to
its antiproliferative effects, similar to taxanes and epothilones.
However, it is important to note that the microtubule-stabilizing
capacity of lonafarnib is weak relative to other established
microtubule stabilizing agents, which stabilize microtubules at low
nanomolar concentrations. This suggests that the mechanism by
which lonafarnib induces microtubule stabilization may differ from
traditional microtubule-stabilizing agents (e.g., taxanes). Further
supporting this hypothesis is our electron microscopy analysis
(Supplementary Fig. S1-B), which shows that lonafarnib-induced
microtubule bundles are longer and not as tightly clustered as
paclitaxel-induced bundles, suggesting that their differing morphol-
ogies may stem from alternative mechanisms of bundle formation.
Thus, we propose that lonafarnib is a microtubule-stabilizing agent;
however, its mechanism of microtubule stabilization likely differs
from that of established microtubule-stabilizing agents.

Microtubule acetylation and the mechanism of synergy
between lonafarnib and taxanes. Previous reports have shown
that FTIs synergize with taxanes and epothilones in a variety of
human cancer cell lines ir vitro and in vivo (22, 24); however, the
mechanism underlying this synergy is unknown. Our results show
that the combination of low doses of lonafarnib (beginning at
0.5 umol/L) and paclitaxel (2 nmol/L) resulted in a dramatic
increase in tubulin acetylation (Fig. 34-C) compared with untreated
cells or each drug treatment alone. Importantly, the mean Cmax of
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lonafarnib achieved in patients dosed twice daily with 200 mg of
lonafarnib is 4.4 umol/L® and, therefore, the doses (lonafarnib
beginning at 0.5 umol/L) at which we observed synergistic
enhancement of acetylated tubulin are within the Cmax. Further-
more, the effect of lonafarnib/paclitaxel on acetylated tubulin was
observed in as little as 3 hours of drug treatment (Fig 44) and
preceded the synergistic increase in mitotic arrest (Figs. 3C and 4B),
suggesting that increased microtubule acetylation/stability is
associated with aberrant mitotic arrest and cell death. Nevertheless,
it remains unclear if lonafarnib/paclitaxel-induced microtubule
acetylation only serves as marker for cell death or instead is the
catalyst, and therefore studies are under way addressing this issue.

Mechanistically, we show that the synergistic increase in
microtubule acetylation is due to the effect of the combination
of lonafarnib and paclitaxel on HDAC6 (Fig. 5). We propose that
the enhanced tubulin acetylation we observe is due to the
inhibition of HDAC6 function. We provide four lines of evidence
to support this claim. First, we show that the combination of
lonafarnib and paclitaxel inhibits HDAC6 tubulin deacetylating
activity in vitro, whereas either drug alone had no effect (Fig 54).
Second, we can reproduce the lonafarnib/paclitaxel-induced
increase in tubulin acetylation by using tubacin, a specific HDAC6
inhibitor, in combination with paclitaxel (Fig. 5B). This suggests
that pharmacologic inhibition of HDAC6 in combination with
paclitaxel synergistically increases tubulin acetylation. Third, cells
expressing a catalytically inactive HDAC6 (HDAC6-mt) fail to show
an increase in acetylated tubulin when lonafarnib and paclitaxel
are combined (Fig. 5C), suggesting that this drug combination
requires functional HDAC6 to retain efficacy. Fourth, the robust
cvtotoxic synergy of lonafarnib and docetaxel is lost in these cells
expressing mutant HDAC6, whereas potent synergy remains in
their wild-type HDAC6 counterparts (Fig. 5D). This observation
provides evidence that the deacetylating activity of HDACS6 is
required for the lonafarnib/taxane synergy, providing a mechanis-
tic link between functional HDAC6, tubulin acetylation, and cell
death. However, it is still unknown whether the effect of the
lonafarnib/taxane combination on HDAC6 function is due to direct
binding of these drugs to this enzyme or due to their effects on
microtubule stability, which in turns alters the affinity of HDAC6
for the microtubule. We favor the latter scenario because either
drug alone does not alter HDAC6 function, reducing the likelihood
that these drugs bind HDAC6 directly.

Is there a biological link between FTase inhibition and
microtubule acetylation? Because all FTIs tested to date synergize
with paclitaxel, it is likely that they share a common mechanism of

“ R. Bishop, unpublished data.

synergy related to FT inhibition. In Fig. 44, we show that the increase
in tubulin acetylation observed with the low dose lonafarnib/
paclitaxel combination correlates with FT inhibition. This result
suggests that inhibition of FT may be biologically linked with
enhanced tubulin acetylation. Currently, there are no reports of a link
between the FTase enzyme and interphase microtubules. Prelimi-
nary data from our laboratory in 50 human cancer cell lines used in
the National Cancer Institute Anticancer Drug Screen (http://
dtp.ncinih.gov) have revealed that acetylated tubulin protein levels
negatively correlated with FTase gene expression and protein levels
(COMPARE analysis http://itbwork.nci.nih.gov/CompareServer/
CompareServer;).” Thus, it may be possible that proteins regulating
microtubule stability are farnesylated by FTase; consequently,
inhibition of FTase by lonafarnib may in turn affect microtubule
stability. In fact, it is already known that the mitotic microtubule-
associated protein, CENP-E, is farnesylated and its association with
microtubules during mitosis is altered in mitotic cells (27). Thus,
further investigation of a putative link between FTase and interphase
microtubules is warranted.

Overall, our data show that treatment with lonafarnib alone
causes microtubule bundling, increased microtubule acetylation
and stabilization, and suppression of microtubule dynamics. This
result is consistent with lonafarnib being a microtubule-stabilizing
agent, in addition to its role as an FTL Importantly, our data also
show that functional HDACS is required for the synergy between
lonafarnib and taxanes and suggest that there is a link between
FTase and tubulin acetylation. As there are ongoing phase II and III
trials testing the efficacy of this drug combination, elucidating the
molecular mechanism(s) of synergy can provide insight into the
design of future combination cancer therapies.
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Purpose

To analyze the prognostic significance of six molecular biomarkers {death-associated protein
kinase [DAPK] promoter methylation, interleukin-10 {IL-10] protein expression, cyclooxygenase-2
[COX-2] mRNA expression, human telomerase reverse transcriptase catalytic subunit [nNTERT]
mRNA expression, retinoic acid receptor-beta [RAR-8] mMRNA expression, and K-ras mutational
status) in stage | non-small-cell lung cancer (NSCLC) patients.

Patients and Methods

Biomarker analyses were performed on tumors from 94 patients with stage | NSCLC who
underwent surgical resection at our institution. A minimum follow-up period of 5 years was
required. DAPK methylation was assessed by methylation-specific polymerase chain reac-
tion (PCR). RAR-B, COX-2, and hTERT mRNA levels were determined by in situ hybridization
with digoxigenin-labeled antisense riboprobes. K-ras mutation status was determined by the
PCR—primer introduced restriction with enrichment for mutant alieles method. IL-10 protein
expression was analyzed by immunohistochemistry using a polyclonal antihuman {L-10
antibody. Cancer-specific survival was analyzed with a Cox proportional hazards model. To
identify independent prognostic factors, a stepwise selection method was used.

Results
DAPK methylation, IL-10 lack of expression, COX-2 expression, hTERT expression, RAR-8

expression, and K-ras mutations were observed in 46.8%, 29.8%, 59.6%, 34.0%, 23.4%,
and 34.0% of patients, respectively. In the final model, DAPK methylation and IL-10 lack of
expression were significant negative prognostic factors for cancer-specific survival, whereas
COX-2 expression was of borderline significance.

Conclusion

In this cohort of resected stage | NSCLC patients, molecular markers that independently
predict cancer-specific survival have been identified. The prognostic roles of DAPK methyl-
ation, 1L-10, and other biomarkers in NSCLC merit further investigation.

J Clin Oncol 22:4575-4583. © 2004 by American Society of Clinical Oncology

as a result of cancers of the breast, pros-
tate, colon, and rectum combined.’ Ap-

Lung cancer remains a worldwide public
health issue of immense proportions. In the
year 2003, cancers of the lung and bronchus
are expected to continue to account for
the most cancer deaths in the United
States (157,200 deaths or 28.2%), more
than the estimated total number of deaths

proximately 80% of lung cancers will have
non—small-cell carcinoma histology.”
Approximately 25% of patients present
with early-stage disease.” The standard
treatment is surgical resection with appro-
priate lymph node sampling or dissection.
Although early-stage non—small-cell lung
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cancer (NSCLC) patients have a relatively favorable prog-
nosts, the risk of disease recurrence and death remains
substantial. Five-year survival rates for pathologic stages I
and II disease are 57% to 67% and 38% to 55%, respective-
ly.” Identification of reliable prognostic factors for dis-
ease recurrence and death could have significant clinical
import. Patients in a high-risk group, for example, would
be appropriate candidates for novel adjuvant or chemo-
prevention strategies.

Both our group®'? and others'*'® have focused on
identifying molecular prognostic factors in early-stage
NSCLC. We have established a retrospective cohort of stage
I NSCLC patients who underwent surgical resection at our
institution. Over the past few years, investigators in our
group have analyzed a number of tumor biomarkers within
this valuable clinical research database.

Given the roles that retinoids play in the regulation of
cell growth, differentiation, and apoptosis, Khuri et al® in-
vestigated the prognostic significance of retinoic acid
receptor-beta (RAR-3) mRNA expression in 156 patients.
Because RAR-B expression seems to be suppressed during
carcinogenesis, these investigators hypothesized that lower
RAR-f3 levels would predict a poor clinical outcome. Sur-
prisingly, overall survival was significantly worse in patients
with strongly positive RAR-$ expression. Because one
RAR-B isoform, RAR-f4, may promote hyperplasia and
neoplasia,'” the authors hypothesized that differential ex-
pression of RAR-f3 isoforms may be a possible explanation
for their unexpected findings.

Khuri et al” subsequently evaluated cyclooxygenase-2
(COX-2) mRNA expression and correlated it with the ex-
pression of RAR-B in this cohort of stage INSCLC patients.
COX-2 overexpression had previously been demonstrated
in lung, head and neck, and other tumors,'®*° and cell line
data indicated that retinoic acid could suppress COX-2.>"
These investigators found that COX-2 expression was asso-
ciated with worse overall and disease-free survival and that
COX-2 and RAR-3 mRNA levels were correlated. These
findings were in conflict with the prior cell line data, which
would have predicted that RAR-B upregulation should
downregulate COX-2.

Telomerase is a ribonucleoprotein that lengthens and
maintains the ends of chromosomes that are shortened with
successive cell divisions.* Telomerase is expressed in up to
85% of NSCLC tumors and plays a critical role in sustaining
cellular immortality and carcinogenesis.””** Wang et al'’
examined mRNA expression of the human telomerase re-
verse transcriptase catalytic subunit (hTERT) in 153 pa-
tients from our database. Positive hTERT expression was
significantly associated with worse overall and disease-
specific survival.

Tang et al” examined hypermethylation of the death-
associated protein kinase (DAPK) promoter in 135 patients
from this cohort. Epigenetic inactivation of tumor suppres-

4576

sor genes by promoter hypermethylation frequently occurs
in NSCLC.*>?® DAPK is a putative tumor-suppressor gene
that encodes for a calmodulin-dependent kinase that
possesses a death domain at its C terminus.”” DAPK is
required for interferon-gamma-induced apoptosis and
seems to suppress the metastatic ability of lung cancer
cells.?® In the study by Tang et al,” DAPK hypermethyl-
ation was significantly associated with poorer overall and
disease-specific survival.

Soria et al'® examined the role of interleukin-10 (IL-
10) protein expression among 135 patients. The immuno-
modulatory effects of IL-10 have demonstrated conflicting
results in various tumor systems. Some reports support the
role of IL-10 in helping tumors evade immunosurveillance
because IL-10 can inhibit macrophage, T-cell, and antigen-
presenting cell functions.”*® Others have demonstrated
that IL-10 may function as a potent inhibitor of tumor
growth and metastasis.”"** In this study, IL-10 lack of ex-
pression was significantly associated with poorer overall
and disease-specific survival.

The aforementioned hypothesis-driven studies each
focused on one or a few biomarkers. To simultaneously
examine multiple potential molecular prognostic factors
in this clinical research database, we identified 94 pa-
tients who had complete information for a panel of six
biomarkers (RAR-B, COX-2, hTERT, DAPK promoter
methylation, IL-10, and K-ras). Multivariate Cox regres-
sion analysis was used to identify independent predictors
of cancer-specific survival in this population of resected
stage I NSCLC patients.

Study Population

Five hundred ninety-five consecutive patients with stage I
NSCLC underwent definitive surgical resection, defined as a lo-
bectomy or a pneumonectomy, from 1975 to 1990 at The Univer-
sity of Texas M.D. Anderson Cancer Center (Houston, TX).
Patients did not receive preoperative or postoperative chemother-
apy or radiotherapy. We retrospectively identified 185 patients for
whom both tissue samples and a median follow-up period of more
than 5 years were available. All available tissue blocks were re-
viewed by a thoracic pathologist (B.K.), and 163 cases had ade-
quate tumor present in the surgical specimen. The patient
population was identified through a search of the Tumor Registry
database maintained by the Department of Medical Informatics
at The University of M.D. Anderson Cancer Center. Survival
status was verified and updated from Tumor Registry records as
of December 1, 2000. This study was reviewed and approved by
the institutional review board and conducted in accordance
with its policies.

Five published studies”*!*> had previously examined dif-
ferent molecular prognostic factors among the 163 patients with
sufficient tumor specimens and more than 5 years of follow-up
data. The sample sizes ranged from 135 to 160 patients. A total of
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94 patients had complete information for a panel of six biomark-
ers, and these patients were included in our analysis.

Methylation-Specific Polymerase Chain
Reaction (PCR)

These methods have been previously described.” Briefly,
8-um sections from paraffin-embedded tissue blocks were ob-
tained, and regions with tumor cells were dissected under a ste-
reomicroscope. In the initial chemical modification step, 200 ng of
DNA from each tumor was denatured by NaOH and treated with
sodium bisulfite (Sigma Chemical Co, St Louis, MO). DNA was
recovered in water and was ready to add to a PCR with the use of
specific primers for either the methylated or the unmethylated
DAPK promoter, as described previously.>® DNA was amplified
for 35 cycles, and PCR products were separated on 2% agarose gels
and visualized. For each DNA sample, primer sets for methylated
DNA and unmethylated DNA were used for analysis. The hyper-
methylation status was determined by visualizing a 98-base pair
(bp: PCR product with the methylation-specific primer set. All
PCRs were repeated twice, and the results were reproducible.

Immunohistochemical Staining for IL-10 Protein

Paraffin-embedded, 4- um-thick tissue sections were stained
for IL-10 protein using a primary goat polyclonal antihuman
[L-10 antibody (AF-217-NA; R&D Systems, Minneapolis, MN) as
previously described.'” Routinely processed tissue sections of
normal lymph nodes and tonsils were used as positive staining
controls and were also stained with the primary antibody omit-
ted to confirm staining specificity. Normal bronchial epithelial
cells that constitutively produce IL-10 were also used as inter-
nal positive controls.**

The IL-10 labeling index was defined as the percentage of
tumor cells displaying cytoplasmic immunoreactivity and was
calculated by counting IL-10-stained tumor cells among at least
1,000 tumor cells for each section as previously described.'> On
the basis of previous reports, if 10% or more of the tumor cells
were positive for I1L-10, the case was considered to be IL-10 posi-
tive > All slides were scored concomitantly by a pathologist (X.T.)
and another investigator (J.-C.S.) in a blinded manner.

hTERT In Situ Hybridization (ISH)

These methods have been previously described.!’ The ribo-
probes were a 430-bp EcoRV-BamHI1 fragment of the hTERT
¢DNA that has been used in other studies®®*” as well as part of
exon 1 from the heterogeneous nuclear ribonucleoprotein Al asa
control to verify sample quality. The single-strand-specific,
digoxigenin-labeled riboprobes were generated by in vitro
transcription. ISH was performed as previously described.?”
Slides displaying a diffuse but clear cytoplasmic signal were
considered to be positive, as reported by Falchetti et al.>® More
specifically, our slides were rated as positive if a definite and
clear signal was present in more than two large areas on the
slide. Slides with faint signal, the absence of signal, or only focal
positivity were considered to be negative. We did not grade the
intensity of the hybridization signals.

COX-2 and RAR-B ISH

COX-2 and RAR-B mRNA were detected in 4-um-—thick
sections from paraffin-embedded tissue using nonradioactive ISH
with digoxigenin-labeled antisense riboprobes as previously de-
scribed.®”?° Retinoid X receptor-alpha (RXR-«), which is present
in greater than 90% of NSCLCs,*® was used as a control to detect
RNA degradation. The rationale for using RXR-« as a control for
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intact RNA was the observation that all 70 cases of NSCLC and
normal lung tissue expressed RXR-a mRNA in a previous study.*’
Stained sections were reviewed by three independent researchers,
including two pathologists, in a blinded fashion. Only cytoplasmic
staining was considered positive. Because normal bronchial epi-
thelium expresses RAR-f3, positive and aberrant RAR-§3 expres-
sion was defined as = 10% and less than 10% intratumoral
staining, respectively.® The RAR- 8 probe that was used identified
all RAR-B isoforms. COX-2 expression was defined as either pos-
itive (present) or negative (absent).’

K-ras Mutation Analysis With PCR-Primer
Introduced Restriction With Enrichment for Mutation
Alleles (PCR-PIREMA)

A modified PCR-PIREMA method was used to detect K-ras
codon 12 mutations.*’ Briefly, 8-um sections from paraffin-
embedded tissue blocks were obtained, and regions with tumor
cells were dissected under a stereomicroscope. Dissected tissues
were digested in 200 uL of digestion buffer containing 50 mmol/L
Tris-HCI (pH 8.0), 1% sodium dodecyl sulfate, and proteinase
K (0.5 mg/mL) at 42°C for 36 hours. The digested products
were purified by extracting with phenol-chloroform twice.
DNA was then precipitated by the ethanol precipitation
method in the presence of glycogen (Roche Biochemicals, In-
dianapolis, IN), recovered in distilled water, and then stored at
—20°C until used for PCR.

Briefly, PCR around K-ras codon 12 was performed using a
mismatched primer (forward primer: 5'-TGAATATAAACTTGT-
GGTAGTTGGACCT-3'; reverse primer: 5'-CTGTATCAAAGA-
ATGGTCC TGCACC-3') that introduced an Mval restriction site
into the PCR products derived from normal alleles. Mval digestion
of the PCR products left only the PCR products derived from
mutant alleles intact, after which further PCR selectively amplified
the mutant PCR products. The first PCR reaction was performed
with mixtures containing 0.5 uL of DNA recovery solution, 10 ng
of each nucleotide, and the mismatched primer to introduce an
Mua Irestriction site flanking the K-ras exon 1, with 15 cycles at an
annealing temperature of 55°C. The first PCR products were di-
gested with Mval and diluted 1:100. One microliter of the diluted
product was amplified by 20 cycles of PCR with the same primers
at an annealing temperature of 40°C, and the products were di-
gested with Mval a second time. The second PCR products were
diluted 1:100, amplified by 35 cycles with the previous forward
primer and a new reverse primer (5'-CTCTATTGTTGGATCA-
TATTCGTCCAC-3') at an annealing temperature of 65°C, and
digested with Mval a third time. The final digested products were
then electrophoresed on 2.5% agarose gels and stained with
ethidium bromide. A digestion-resistant 106-bp band indicated
the presence of a K-ras codon 12 mutation. Extensive measures
were taken to prevent cross-contamination of samples. A normal
control sample and a known mutation sample were included in all
of the experiments.

Statistical Analyses

Overall survival, disease-specific survival, and disease-free
survival were analyzed in this study. Survival curves were esti-
mated by the Kaplan-Meier method. The log-rank test was used to
compare survival time between groups. Fisher’s exact test was used
to analyze the association between categoric variables. Using a
stepwise selection method, a Cox proportional hazards model was
created to identify independent predictors of survival, with adjust-
ment for relevant clinical covariates (tumor stage, histology,
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smoking status, and sex). All statistical tests were two-sided, and
P < .05 was considered statistically significant.

All survival curves were calculated from the date of surgery.
Overall survival took all deaths (cancer related or not) into ac-
count. Disease-specific survival time was calculated from the date
of surgery to death from cancer-related causes. Disease-free sur-
vival time was calculated from the date of surgery to relapse or
death from cancer-related causes.

Data for a panel of six molecular markers (RAR-8, COX-2,
hTERT, DAPK promoter methylation, IL-10, and K-ras)
were available for 94 patients in our retrospective cohort.
These patients were the study population for our analysis.
Patient characteristics are listed in Table 1. Median
follow-up time for alive patients and those lost to follow-up
was 10.9 years. Sixty-nine patients have died. Twenty-nine
deaths were cancer related.

The frequency of each molecular marker, displayed as a
negative prognostic factor, is listed in Table 2. Univariate
analyses of each molecular marker and its association with
disease-specific survival and overall survival were per-
formed (Table 3). Similar univariate survival analyses of
clinical variables (age, sex, and smoking status) were per-
formed. A highly significant association was demonstrated
between age (< 60 years v = 60 years) and overall survival
(P =:.003). Sex and smoking status were not associated with
overall or disease-specific survival. Age = 60 years was
associated with a significant increased risk of noncancer-

Table 1. Patient Characteristics
No. of
Craracteristic Patients %

Age, years

Median 63.5

Range 41-82
Se«

MMale 72 77

Femae 22 23
Race

\White 83 88

Other 1" 12
S oker

Ves 82 87

lo 5 5

LJnknown 7 7
Histology

Adenocarcinoma 39 41

Sguamous cell carcinoma 39 41

Other 16 17
TNM stage

T INOMO 44 47

T2NOMO 50 53
Ansreviat.on: TNM, tumor-node-metastasis.
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Table 2. Frequency of Molecular Markers in Stage | NSCLC

Molecular Marker Frequency (%)

COX-2 expression 60
DAPK methylation 47
K-ras mutation 34
hTERT expression 34
I1L-10 lack of expression 30
RAR-B expression 23

Abbreviations: NSCLC, non-small-cell lung cancer; COX-2, cyclooxygen-

ase; DAPK, death-associated protein kinase; hTERT, human telomerase
reverse transcriptase catalytic subunit; IL-10, interleukin-10; RAR-B, reti-
noic acid receptor-beta.

related death (P < .001) and was not associated with
disease-specific survival (P = .577). This phenomenon is
likely explained by the relatively long follow-up of these
subjects and by the fact that that the majority of deaths (40
of 69 deaths) were unrelated to cancer. In light of these
findings, we reasoned that disease-specific survival would
serve as a more clinically relevant end point for this cohort,
although we continued to include overall survival in our
analyses. Disease-specific survival stratified by each molec-
ular marker is shown in Figure 1.

A multivariate Cox proportional hazards model was
created to identify predictors of disease-specific survival
(Table 4). DAPK promoter methylation and IL-10 lack of
expression were significant negative prognostic factors for
disease-specific survival, whereas COX-2 expression was of
borderline significance. The same variables were selected
when tumor stage, histology, smoking status, and sex were
included in the model. The poorer disease-specific and
overall survival of patients with both DAPK methylation
and IL-10 lack of expression are illustrated in Figure 2. We
defined these patients as a high-risk group, and the remain-
ing patients were defined as a low-risk group. A log-rank
test assessing the difference in survival between these
groups was statistically significant for both disease-specific
survival (P < .0001) and overall survival (P < .0001). We
note that the definitions of the high- and low-risk groups
are data dependent. That is, the definition of high risk was
not determined a priori. A similar model for overall survival
yielded three significant negative prognostic factors (age
= 60 years, P = .0017; COX-2 expression, P = .021; and
DAPK methylation, P = .044), whereas IL-10 lack of expres-
sion was of borderline significance (P = .069).

Exploratory analyses of the relationships between the
various molecular markers were performed. Significant as-
sociations were found between hTERT and COX-2 expres-
sion (odds ratio [OR], 6.14; 95% CI, 2.09 to 18.04;
P = .0004) and K-ras mutations and DAPK methylation
(OR, 2.64; 95% CI, 1.10 to 6.36; P = .032). Associations
between IL-10 lack of expression and hTERT expression
(OR, 2.63; 95% CI, 1.06 to 6.67; P = .056), IL-10 lack of
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Table 3. Univariate Analysis of Molecular Markers With Disease-Specific and Overall Survival

Disease-Specific Survival

Overall Survival

Molecuiar Marker Hazard Ratio 95% Cl P Hazard Ratio 95% ClI P
IL-10 lack of expression 3.17 1.53 10 6.62 .002 1.98 1.21103.25 .007
DAPK rmethylatior 3.00 1.39106.47 .005 1.69 1.05102.72 .030
hTERT expression 2.39 1.1510 4.97 .020 1.48 0.91t0242 116
COX-2 expression 2.44 1.08 10 5.54 .032 1.80 1.09t02.96 .022
RAR-B expression 1.47 0.66 10 3.25 .345 1.23 0.721t02.09 446
K-ras mutation 1.00 0.451t02.20 .998 1.18 0.71101.95 517

cycinoxygenase-2; RAR-B, retinoic acid receptor-beta.

Aooreviations: IL-10, interleukin-10; DAPK, death-associated protein kinase; hTERT, human telomerase reverse transcriptase catalytic subunit; COX-2,

expression and COX-2 expression (OR, 2.63; 95% CI, 0.99
to 7.14; P = .066), and COX-2 expression and RAR-$
expression (OR, 2.88; 95% CI, 0.96 to 8.64; P = .08) were of
borderline significance.

We also investigated other models by performing all
two-variable, three-variable, and four-variable multivariate
models. On the basis of these analyses, only DAPK methyl-
ation and IL-10 lack of expression were statistically signifi-
cant (P << .05) for all models. Furthermore, the three-

variable model, including DAPK methylation, IL-10 lack of
expression, and COX-2 expression, had the lowest Akaike
Information Criterion (AIC) value 0of 224.029 (although the
two-variable model that excluded COX-2 expression had an
AIC of similar value). We noted that there was some evi-
dence of association between IL-10 lack of expression and
hTERT expression (OR, 2.63; P = .056) and IL-10 lack of
expression and COX-2 expression (OR, 2.63; P = .066).
Moreover, hTERT and COX-2 expression were highly
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Table 4. Multivariate Cox Regression Mode! for
Disease-Specific Survival

Hazard
Molecular Marker Ratio 95% Ci P
DAPK methylation 3N 14210 6.79 .004
IL-~0 lack of expression 2.62 1.2410 5.56 .012
COX-2 expression 2.13 0.92104.95 .077

Aboreviations: DAPK, death-associated protein kinase; |L-10, interleukin-
10; COX-2, cyclooxygenase-2.

assoclated (OR, 6.14; P = .0004). We ensured that the
effect of these variables was not masked by colinearity by
modeling them separately. Specifically, we modeled
COX-2 expression with DAPK methylation (AIC =
228.135) and hTERT expression with DAPK methylation
(AIC = 228.654). Neither of these models provided bet-
ter fit than the model chosen.

Our findings further characterize and extend our group’s
previous research efforts to identify novel molecular prog-

| 1.04
T
A ﬁ — HighRisk (n =17)
T 084 * 4 . Low Risk (n =77)
E ‘L S H A+
= He b e
W 064 +
ks
) N
Z 0.4+
[}
s !.
& 0.2 l
0 5 10 15 20
Time in Years
1 OHL
B e High Risk (n =17)
$ 084 : " LowRisk (n=77)
2 o6l |
$ 064 4 *x
g HL B,
Z 04 ' e
Ed 1 4
S ! *
£ 02 ﬁ 1—\_L
-
i =
0 5 10 15 20
Time in Years

Fig 2. Disease-specif.c survival (A) and overall survival (B) of patients with
potr death-associated protein kinase methylation and interleukin-10 lack of
expression thigh risk) versus other patients (low risk).
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nostic factors in patients with early-stage NSCLC. We iden-
tified 94 patients with complete information for a panel of
six molecular markers. Each biomarker had been previ-
ously studied as a prognostic factor based on its role in
carcinogenesis. When analyzed individually, five of these
biomarkers (RAR-B, COX-2, hTERT, DAPK promoter
methylation, and IL-10) were demonstrated in prior
studies”®'"'* by our group to be significant predictors
of survival. One available marker (K-ras) was included
in the current analysis based on published data demon-
strating that it had prognostic significance in early-stage
NSCLC,'**? even though it did not have prognostic signif-
icance in univariate analysis in our patients. Qur muitivari-
able analysis indicates that two biomarkers (DAPK
promoter methylation and IL-10) function as indepen-
dent predictors of disease-specific survival, and a third
biomarker (COX-2) is of borderline significance in this
cohort. These findings should be confirmed in other
NSCLC patient populations.

Our results further support the importance of epige-
netic gene regulation in lung carcinogenesis. Others have
demonstrated that aberrant promoter methylation of
DAPK and other genes frequently occurs in NSCLC tu-
mors,”>?® suggesting that methylation may be a common
mechanism of inactivation of cancer-related genes. DAPK
promoter methylation was the most statistically significant
predictor of survival in our study. Kim et al*? investigated
the role of DAPK methylation in 185 NSCLC patients who
underwent surgical resection, including 102 patients with
stage [ disease. DAPK methylation was significantly corre-
lated with advanced stage, suggesting that DAPK may be
important in the progression of NSCLC. Stage I patients
with DAPK methylation had worse overall survival, al-
though this association was not statistically significant. The
authors noted that patient follow-up data was limited, and
this factor may have contributed to their findings. Harden
et al** examined promoter methylation of a panel of five
genes in tumors and lymph nodes of 90 stage I NSCLC
patients. Interestingly, patients with both DAPK and adeno-
matous polyposis coli gene methylation had poorer overall
survival that did not reach statistical significance, although
the methylation of either gene alone was not a predictor of
survival. Possible explanations for these results include the
relatively low frequency of DAPK methylation (17%) com-
pared with our findings (47%). The smaller number of
patients with DAPK methylation (n = 15) would result in
the study having less power to detect significant associations
with survival.

The role of IL-10 in carcinogenesis remains controver-
sial. Our findings indicate that loss of IL-10 expression
predicts poor disease-specific survival in early-stage
NSCLC. Human bronchial epithelial cells constitu-
tively produce IL-10, which may regulate the local immune
response in normal lungs.®* IL-10 also seems to have
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significant inhibitory effects on tumor growth and metasta-
sis in multiple animal models and tumor types, including
melanoma, breast cancer, prostate cancer, and Burkitt’s
lymphoma.*!*>*>*” Evidence suggests that IL-10 exerts its
antitumor and antimetastatic activity by inhibiting angio-
genesis, and this activity is, in part, mediated by the down-
regulation of angiogenic molecules, such as vascular
endothelial growth factor, IL-18, tumor necrosis factor-a,
[L-6, and matrix metalloproteinase-9 (MMP-9), in tumor-
associated macrophages.”’ In addition, IL-10 may also di-
rectly affect the secretion of angiogenic molecules from the
tumor. Stearns et al*® demonstrated that IL-10 induces
tissue inhibitor of metalloproteinase-1 production and in-
hibits MMP-2 and MMP-9 secretion by human prostate
cancer cell lines orthotopically implanted into mice, result-
ing in decreased tumor microvessel formation and in-
creased mice survival. In a murine mammary tumor model,
the antitumor and antimetastatic effects of IL-10 gene
transfection were associated with elevated nitric oxide levels
in tumors.*® Others have shown that IL-10 can directly
inhibit the proliferation of endothelial cells stimulated with
vascular endothelial growth factor or fibroblast growth
factor-2 in vitro.*” An intriguing molecular epidemiologic
case-control study demonstrated that IL-10 promoter poly-
morphisms that resulted in lower IL-10 expression were
associated with an increased risk of developing melano-
ma.* Furthermore, some authors have suggested that lung
cancer cells can modulate IL-10 expression by stromal com-
ponents. In the present study, only nine of 94 samples dis-
played tumor-infiltrating lymphocytes or tumor-associated
macrophages, therefore hindering any relevant analysis of
[L-10 production by infiltrating immune cells.

The data supporting the antitumor and antimetastatic
activity of [L-10 are compelling, but most preclinical mod-
els using IL-10 to mediate such effects do so at concentra-
tions that far exceed the levels demonstrated in lung cancer
patients. Other authors have demonstrated that IL-10 is a
potent immunosuppressive molecule that may promote
lung cancer growth by suppressing T-cell and macro-
phage function and enabling tumors to escape immune
detection.’®* Elevated baseline serum IL-10 levels were
found to be independent predictors of poorer survival in 60
advanced-stage NSCLC patients receiving platinum-based
chemotherapy.”® Hatanaka et al** measured IL-10 mRNA
levels by reverse transcriptase PCR in the tumors of 82
NSCLC patients who underwent surgical resection. Their
assay demonstrated IL-10 expression in 83% of the surgical
specimens. In contrast to our results, [L-10 expression was
significantly associated with worse survival. The reasons for
these discrepant findings remain unclear. These investiga-
tors included patients with stages I to IIIb disease in their
study and used a different 1L-10 assay (mRNA v protein)
than the assay we used in our study. These factors may have
contributed to these divergent results.

wwh J€0.0rg

Our exploratory analyses demonstrate a highly significant
association between hTERT expression and COX-2 expression
(P = .0004). A precise explanation for this correlation is lack-
ing, although various COX-2 inhibitors have been reported to
inhibit both tumor growth and telomerase activity in mice.”>>¢
We also observed a significant association between K-ras mu-
tations and DAPK methylation (P = .032). Reports suggesting
that DNA methylation may be regulated by the ras signaling
pathway””>® are consistent with these findings. However, oth-
ers have not found correlations between ras mutations and
promoter hypermethylation in NSCLC tumors.*>*® Clearly, a
better understanding of the significance of these associations
will require future studies. Our analyses also demonstrate a
borderline significant association between IL-10 lack of ex-
pression and COX-2 expression (P = .066).°>® This finding is
consistent with data suggesting that IL-10 has the capacity to
potently downregulate COX-2. Therefore, in the absence of
IL-10, COX-2 and its derived products would be more abun-
dant and could further promote tumor progression.

This study is limited by its retrospective nature and the
inclusion only of patients with complete information for all
six biomarkers. It is difficult to speculate on potential biases
affecting our results. It is possible, for example, that small
tumors with limited tissue availability were underrepre-
sented in this cohort. These results should be validated in a
separate population of NSCLC patients.

In conclusion, our analysis of six molecular markers in
patients with resected stage I NSCLC yielded two indepen-
dent predictors of poorer disease-specific survival: DAPK
methylation and IL-10lack of expression. Future studies are
warranted to further define their roles in tumor prolifera-
tion and metastasis. However, these and other potential
molecular prognostic factors have yet to be validated, and
thus, the integration of molecular marker assessments into
the routine clinical management of NSCLC has remained
an elusive goal. As the number of potential molecular mark-
ers increases, it has become more difficult to assess which
prognostic factors are likely to be clinically relevant. A com-
prehensive multivariable analysis is not feasible because the
majority of studies analyze only a single or a few biomarkers
at a time. In this regard, the development of high-
throughput technologies to determine gene-expression
profiles and proteomic patterns of tissue specimens repre-
sents a significant methodologic advance. Several recent
reports have demonstrated that mRNA and protein pat-
terns of NSCLC tumors may be predictive of survival.®>¢
Hopefully, these technologies will eventually provide the
clinician with a reliable, validated molecular staging system
that will improve therapeutic strategies for NSCLC.
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4051 Building a comprehensive quantitative risk assessment model for lung cancer

Carol J. BEtzelll, Qing Zhang, Matthew Schabath, Qiong Dong, Xifeng Wu, Qingyi Wei, Margaret
Spitz, Christopher I. Amos. UT M. D. Anderson Cancer Ctr., Houston, TX.

Introduction: Lung cancer (LC) is still the leading cause of cancer death and the ability to distinguish
individuals (smokers and non-smokers) at high risk for LC has significant preventive implications.
High-risk smoking subgroups could be targeted for intensive cessation interventions and recruited
into chemoprevention and specialized screening trials. The goal of this project was to develop a
comprehensive LC risk assessment model that included epidemiologic and nutritional data from 24
hour food frequency questionnaires to identify such high-risk groups. Methods: We constructed our
models from data derived from 2768 Caucasian LC cases (recruited through UT MD Anderson
Cancer Center) and controls (recruited from a multispecialty physician practice and matched on age,
sex and smoking status). Models were constructed for never, former and current smokers using
multiple logistic regression. We also completed model diagnostics including identification of multi-
collinearities and model goodness-of-fit. Many of the nutritional variants were highly correlated and
resulted in model multi-collinearities. When such a situation occurred, we constructed separate
models for the correlated variants and compared their ROC values.Results and Conclusions: For
never smokers, the epidemiologic model included second-hand smoke (ETS) which was associated
with a two-fold risk for LC (ROC=.581). We also obtained three nutritional models with similar yet
slightly higher ROC scores as compared to the epidemiologic model: ETS and daily servings of
vegetables (ROC=.635), ETS and proVitamin A carotenoids (ROC=.662) and ETS and beta-
Carotene (ROC=.661). For former smokers, a physician’s diagnosis of emphysema, asbestos
exposure, family history of LC and years since smoking cessation were all independently associated
with increased risk of LC while hay fever was protective (ROC=.671). With the inclusion of
nutritional variants, we obtained two subsequent models, one including number of different sources
of weekly fat intake and daily servings of vegetables (ROC=.688) and the other including amount of
saturated fat and total carotenoid intake (ROC=.689). For current smokers, the epidemiologic model
included risk factors of emphysema, family history of LC, years smoked and number of cigarettes
smoked per day while hay fever was protective (ROC=.711). The nutritional model for current
smokers also included number of different sources of weekly fat intake and daily servings of
vegetables (ROC=.714). These results show that LC is a complex disease with varying etiology
based on smoking history; hence, the development of risk models must account for smoking history.
The amount of increase in model prediction afforded by the inclusion of nutritional variants did not
justify the time and expense of collecting such data. This project was supported by NCI grants
CAS55769 and CA093592 (K07) and DAMD17-02-1-07-06.
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5021 Inactivation of c-Abl and c-Kit activities and inhibition of SCLC cell growth by a
combination treatment with FUS1-nanoparticle and Gleevec in vitro and in vivo

BGuanglin® Wu, Futoshi Uno, Ralph Arlinghuas, Vikas Kundra, John D. Minna, Jack A. Roth, Lin
Ji. UT.M.D.Anderson Cancer Center, Houston, TX and U.T. Southwestern Medical Center, Dallas,
TX.

FUSI is a novel tumor suppressor gene identified in a critical human chromosome 3p21.3 region that
has either LOH in more than 95% of SCLC cells or is homozygously deleted in some SCLCs.
Expression of FUS1 protein is lost in all SCLC cells tested and reactivation of wt-FUS1 in FUS1-
deficient lung cancer cells inhibits their growth by induction of apoptosis. On the other hand, protein
tyrosine kinases (PTKs) such as BCR-Ab], c-Kit and PDGFR are frequently altered and amplified in
SCLC and are important therapeutic targets. The small molecular drug gleevec has been shown to
inhibit SCLC cell growth by targeting c-Kit/SCF pathway in vitro but exhibits no significant
therapeutic efficacy either in animal models or in human clinic trials. We hypothesized that a
combination treatment strategy with DOTAP:Chol-complexed FUSI-nanoparticle and gleevec might
promote a synergistic inhibition on SCLC growth by simultaneously inactivating the oncogenic PTK
signaling and activating the pro-apoptotic pathways. A significant growth inhibition and apoptosis
were observed in SCLC H69, H128, H146, and N417 cells treated by either the FUSI-nanoparticle
or the wt-FUS 1-derived peptide (wt-FP) for 72 h but not by dysfunctional mutants of FUS1 protein
or peptide, compared to these treated by the GFP-nanoparticle or peptide controls. An enhanced
growth inhibition was detected in gleevec-resistant HO9R and N417 cells treated by a combination of
FUSI-nanoparticle or wt-FP with gleevec compared to those treated by either agent alone. Activities
of the phosphorylated c-Abl and c-Kit proteins were also significantly inhibited in H69 and N417
cells treated by FUSI-nanoparticle or wt-FP alone or in combination with gleevec, as shown by both
the immuno-blot analysis and the activity assay using the immuno-precipiated phosho-c-Abl or
phospho-c-Kit proteins. We developed an intrathoracic SCLC N417 tumor xenograft model in nude
mouse and evaluated the therapeutic efficacy of systemic treatment with FUSI-nanoparticles and
oral administration with Gleevec by a non-invasive and quantitative MR imaging analysis. We found
that the growth of N417 tumor xenograft was significantly inhibited (P<0.001) in mice treated by
FUS-nanoparticles alone or in combination with gleevec in less than 2 weeks of treatment but no
significant efficacy was detected in mice treated by gleevec alone, as demonstrated by MR imaging
and volume analysis. Our results clearly demonstrate the therapeutic efficacy of FUSI-nanoparticle
on SCLC in vitro and in vivo and implicate the translational applications of using the systemic
administration of FUSI-nanoparticle alone or in combination with other chemotherapeutic agents
and the MRI for SCLC therapy. This abstract is supported by grants of NITH NCI (SPORE
P50CA70907) and DOD (TARGET, DAMD17002-1-0706).
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3358 A novel synthetic hTERT-Mini-CMYV chimera promoter-driven tumor-selective and high-
efficiency expression of transgene for systemic cancer gene therapy

BGuanglin® Wu, Wuguo Deng, Vikas Kundra, Bingliang Fang, Jack A. Roth, Lin Ji. UT M.D.
Anderson Cancer Center, Houston, TX.

One of the major obstacles to a successful cancer gene therapy is the lack of an effective systemic
delivery system that can be specifically targeted to primary and metastatic tumors. The hTERT
promoter has been cloned and showed to be capable of targeting transgene expression in tumors but
not in the normal cells. However, the weak transcription-promoting strength of hTERT promoter,
like most other intrinsic mammalian promoters, has hampered its direct use for cancer gene therapy.
To circumvent these problems, we have developed a novel chimera hTERT-mini-CMV (hTMC)
promoter that was engineered by optimally fusing essential h\TERT regulatory sequence with
minimal CMV promoter elements. We transfected various human cancers and normal cells with
various EGFP-constructs, in which EGFP expression is driven by either the original CMV and
hTERT promoters or by the hTMC promoter in vitro. Expression of EGFP in the transfectants was
visualized by a fluorescence imaging (FI) under a fluorescence microscope and the population of
EGFP-positive cells and fluorescence intensity were quantified by FACS analysis. A high level of
EGFP expression driven by the hTMC promoter was detected in all tumor cells but not in normal
cells. While a similar tumor-selectivity of EGFP expression driven by hTERT promoter could be
seen but the level of expression was several hundred-fold lower than that driven by hTMC promoter
under the same transfection efficiency. We also evaluated the effectiveness of hTMC promoter in
vivo by systemic injection of DOTAP:cholesterol-complexed hTMC-EGFP-nanoparticles into nude
mice that bear intrathoracic human N417 lung tumor xenografts. Consistently, a high level of EGFP
expression could be detected only in the tumor cells in animals treated with hTMC-EGFP but not in
any other normal tissues. Furthermore, we used the above N417 tumor mouse model to evaluate the
therapeutic efficacy of systemic treatment with a novel hTMC-FUSI-nanoparticle by a non-invasive
and quantitative MR imaging analysis. A significant inhibition (P<0.001) of tumor growth was
detected in animals treated by hTMC-FUS1-nanoparticles in less than 2 weeks of treatment
compared to those untreated or treated by hTMC-EGFP-nanoparticles, as demonstrated by MR
imaging and volume analysis. Induction of apoptosis was also detected in tumor cells but not in
surrounding normal lung or other normal tissues in mice treated by hTMC-FUS1-nanoparticles, as
shown by an in situ cell apoptosis analysis with TUNEL staining in frozen tissue samples. Our
results clearly demonstrate the capability of using the hTMC promoter to achieve both the high
tumor-specificity and high-efficiency therapeutic gene expression in vitro and in vivo and indicate
the translational applications of using the systemic administration of therapeutic hTMC-nanoparticle
for tumor-targeted molecular cancer therapy.
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Synergistic inhibition of EGFR tyrosine kinase and tumor cell growth in non-small cell lung
cancer (NSCLC) by combination treatment with FUS1-nanoparticles and Gefitinib

Abstract No: 7081
Author(s): L. Ji, H. Kawashima, C. Lu, J. Kurie, S. Chada, J. D. Minna, J. A. Roth

Abstract: Background: FUS1 is a novel tumor suppressor gene (TSG) identified in the human chromosome
3p21.3 region that functions in the Apafl-associated apoptotic pathway, and is a potent tumor
suppressor. We explored the use of FUS1 for enhancing chemotherapeutic potency of Gefitnib and
overcoming Gefitnib-resistance in both Gefitnib-sensitive and resistant NSCLC cells. Methods and
Results: We found that expression of wt-FUS1 by FUS1-nanoparticle-mediated gene transfer in FUS1-
deficient and Gefitinib-resistant NSCLC H1299, H358, and H460 cells significantly sensitized the
response to Gefitinib treatment, as demonstrated by a more than additive inhibitory effect on tumor cell
growth and a synergistic induction of apoptosis. Enhanced growth inhibition was also observed in the
Gefitnib-sensitive HCC827 (EGFR mutant) and H1819 (EGFR amplification) cells co-treated with
FUS1-nanoparticles and a low dose of Gefitnib (IC,,,). A marked inhibition of phosphorylated EGFR

protein was also detected in cells treated with FUS1-nanoparticles alone or in combination with
Gefitnib, as shown by Western-blot analysis with phospho-EGFR-specific antibodies. A significant
inhibition (P<0.001) of tumor growth was detected in animals treated by FUS1-nanoparticles in less
than 2 weeks of treatment compared to those untreated or treated by GFP-nanoparticles, as shown by
MR imaging and volume analysis. Induction of apoptosis was also detected in tumor cells in mice
treated by FUS1-nanoparticles by an in situ apoptosis assay with TUNEL staining in frozen tissue
samples. We have an ongoing phase I study of single agent FUS1-nanoparticles given intravenously in
stage IV NSCLC patients who have progressed on chemotherapy. The treatment is well-tolerated in
seven patients entered to date with a median survival of 17+ months. Conclusions: Our results suggest
that wt-FUS1 may play a critical role in modulating the sensitivity of tumor cells to protein tyrosine
kinase inhibitors. Supported by grants from NIH NCI (SPORE P50CA70907), DOD (TARGET,
DAMD17002-1-0706) and Introgen Therapeutics, Inc.
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1. Synergistic inhibition of EGFR tyrosine kinase and tumor cell growth in non-small cell lung cancer
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(No presentation available)
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2707 Synergistic inhibition of EGFR tyrosine Kkinase activity and NSCLC cell growth by
combination treatment with FUS1-nanoparticle and gefitinib

Hirovuki BKawashimall, Futoshi Uno, Jonathan Kurie, John D. Minna, Jack A. Roth, Lin Ji. The
UT M.D. Anderson Cancer Center, Houston, TX and The UT Southwestern Medical Center, Dallas,
TX.

New cancer treatments designed to restore functions of defect genes and gene products in tumor
suppressing and apoptotic pathways by gene transfer and to target at the specific and frequently
occurring molecular alterations in key signaling pathways by “smart drugs” such as protein tyrosine
kinase inhibitors (PTKIs) are fundamentally changing cancer therapy and holding a promise for lung
cancer treatment. FUSI is a novel tumor suppressor gene (TSG) identified in the human
chromosome 3p21.3 region that is frequently altered or deleted in many human cancers and has been
shown to function as a key mediator in Apafl-associated apoptotic pathway and as a potent tumor
suppressor in vitro and in vivo. In light of our recent observations on the FUS1-mediated PTK
inhibition and the direct interactions of FUS1 with PTK and Apaf1 proteins together with the current
findings of activating mutations of EGFR gene in gefitinib-responders in NSCL patients and the role
of these mutations in selectively activating cell survival signaling and blocking pro-apoptotic
pathway by other researchers, in this study we explored the capability of using the multifunctional
FUS1 as a modulator for enhancing chemotherapeutic potency of gefitinib and overcoming gefitinib-
resistance by simultaneously inactivating cell survival and proliferation signaling and activating
proapoptotic pathways in both gefitinib-sensitive and resistant NSCLC cells. We found that
reactivation of wt-FUS1 by FUSI-nanoparticle-mediated gene transfer or treatment with a wt-FUS1-
derived peptide (wt-FP) in 3p-deficeint and Gefitinib-resistant NSCLC H1299, H358, and H460 cells
significantly sensitized these cells’ response to Gefitinib treatment, as demonstrated by a more than
additive inhibitory effect on tumor cell growth and a synergistic induction of apoptosis. An enhance
growth inhibition was also observed in gefitinib-sensitive HCC827(with an activating mutation of
EGFR) and H1819 (with amplification of EGFR) cells co-treated with FUS1-nanoparticles and a
very low dose of gefitinib (at a level of IC,). A marked inhibition on activities of phosphorylated

EGFR and Erk proteins was also detected in cells treated by FUS1-nanoparticle or wt-FP alone or in
combination with gefitinib, as demonstrated by Western-blot analysis with phosphor-EGFR or Erk-
specific antibodies. Our results suggest that the wt-Fus1 may play a critical role in modulating the
sensitivity of tumor cells to the chemotherapeutic agents such as PTKIs and that a combination
treatment of the FUS1-nanoparticle-mediated molecular therapy with these small molecule
chemotherapeutics may be an efficient treatment strategy for lung cancer. This abstract is supported
by grants of NIH NCI (SPORE P50CA70907) and DOD (TARGET, DAMD17002-1-0706).

Copyright © 2005 American Association for Cancer Research. All rights reserved.
Citation format: Proc Amer Assoc Cancer Res 2005;46:2707.

96th Annual Meeting, Anaheim, CA -

April 16-20, 2005

http://thnfc9-106:8001/2005am/2707 .html ?search=Y &keywords=kawashima&tags= 9/30/2005



Detection of clonal and subclonal outgrowths in the upper aerodigestive tract of current
and former smokers with lung cancer

Tao Lu, Ignacio I. Wistuba, and Walter N. Hittelman
The University of Texas MD Anderson Cancer Center, Houston, Texas

Our prior results using chromosome in situ hybridization suggested the existence of
genetic instability and clonal/subclonal mosaicism in the bronchial epithelium of current
and former smokers without cancer. To verify these results by an independent
methodology and to develop an assay system to quantitatively detect clonal/subclonal
variations with high sensitivity and dynamic range, we adapted and modified the
technique of fluorescence simple-sequence repeat PCR (FISSR-PCR) so that as little as
500 cell groups could be analyzed. We microdissected groups of cells from the stroma
(from 1 to 8 regions per case), adjacent bronchial epithelium (from 1 to 10 regions per
case), and tumor (from 1 to 12 regions per case) from frozen tissue sections of resected
lung cancer specimens from 11 patients with a history of tobacco exposure. Genomic
DNA was extracted from the microdissected cells and subjected to FISSR-PCR analysis
using a Fam-(CA)sRG primer. Lung tumor regions exhibited a relatively high degree of
clonal/subclonal alterations (median, 7.2; range, 2 to 25 DNA band changes) and
heterogeneity when compared to normal stromal regions. Bronchial epithelial cells in the
field of lung tumors also showed evidence of clonal/subclonal outgrowths, albeit fewer
than that observed in the lung tumor regions (median, 2.5; range, 0 to 7 DNA band
changes). Of interest, there was a correlation between the number of band changes in the
tumor and bronchial epithelium within individual lung tumor specimens (linear
regression analysis, R” = 0.56). In some cases, a common subset of band changes was
observed in the bronchial epithelium and associated lung tumor, suggesting a precursor-
tumor relationship. In other cases, distinct band changes were observed in the adjacent
epithelium that were not present in the associated tumor regions, suggesting multifocality
of initiated clones. Significantly, we also detected clonal/subclonal populations in the
lung stroma, albeit at a lower frequency than that observed in the bronchial epithelium
(median, 1.8; range, from 0 to 4 DNA band changes). These results provide further
support to the prior finding of clonal and subclonal outgrowths in tobacco-exposed lung.
These results also suggest the extent of the multifocal changes can be quantified by
FISSR-PCR analysis and might be exploited in the future for assessing lung cancer risk in
current and former smokers. Supported in part by DAMD17-02-1-0706, NIH/NCI CA-
91844, and EDRN NCI CA-86390.
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Biology and therapy of human small cell lung cancer (SCLC) in novel orthotopic nude mouse
models.

Takeshi Isobe, Amir Onn, Wenjuan Wu, Tomoaki Shintani, Satoshi Itasaka, Keiko Shibuya, Waun K.
Hong, Michael S. O'Reilly, Roy S. Herbst. UT M. D. Anderson Cancer Center, Houston, TX

SCLC is one of the most aggressive phenotypes of human lung cancer and conveys a poor prognosis due
to the limited efficacy of existing treatment strategies. To provide clinically relevant strategies for
studying new therapeutics and tumor biology, we developed three orthotopic models of human SCLC in
nude mice. Three different human SCLC cell lines (H69A, a variant of the NCI-H69 cell line selected
for invasiveness in vitro on semisolid agarose; NCI-H187; and NCI-N417) were studied. Tumor cells

(1.5 x 10° cells in growth factor reduced Matrigel) were injected into the left lung of anesthetized nude
mice. Tumors developed within 8 to 12 weeks and new cell lines were established from the lung tumors
(H69ALu, H187Lu, and N417Lu) to select for a reproducible growth pattern for the orthotopic tumors
and to minimize variation of tumor size. For each model, tumors started as a solitary mass in the left
lung tumor that then spread to mediastinal and axillary lymph nodes, and to the right lung in a pattern

similar to that observed in the clinic. N417Lu and H187Lu formed a 100 mm?> left lung mass within 30-
40 days of mjection, and mice were moribund within 50 to 60 days of injection. H69ALu tumors

reached a volume of 100 mm? within 60 days of injection and mice became moribund within 4 to 6

months. All tumors larger than 100mm> expressed the proangiogenic factors bFGF and IL-8 (at the
tumor periphery), and VEGF/VPF (tumor center and periphery).To compare the efficacy of different
chemotherapeutic agents in each of our models, groups of mice (n = 5) were randomized to weekly i.p.
treatment with saline (control), 6 mg/kg/mouse of cisplatin (CDDP), 50 mg/kg/mouse of paclitaxel, 125
mg/kg/mouse of irinotecan (CPT-11), or 40 mg/kg/mouse of etoposide. Therapy was initiated on day 10
(H187Lu and N417Lu) or day 20 (H69ALu) after tumor injection coincident with the formation of
microscopic lesions. Therapy was well tolerated and mice were killed after five (H187Lu and N417Lu)
or seven (H69ALu) weeks of therapy. Tumor burden was assessed by lung and tumor weight (g) and

primary tumor volume (mm3). CPT-11 significantly inhibited the growth and progression of N417Lu
tumors as compared to control (lung and tumor weight 0.23 + 0.01 vs. 0.62 £ 0.15, p = 0.02; tumor
volume 0.3 = 0.1 vs. 364 = 156, p = 0.03) and CDDP significantly inhibited the growth and progression
of H6SALu tumors as compared to control (tumor volume 0.3 + 0.1 vs. 100 £ 0.01, p = 0.04). The
development of our orthotopic models of SCLC provides a better understanding the biology of this
disease and will enable evaluation of novel therapeutic strategies (supported by a grant from the
Department of Defense (DAMD 17-02-1-0706 to W.K.H.).
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1494 Inactivation of the potential 3p21.3 tumor suppressor NPRL2 significantly correlates with
the cisplatin-induced resistance in human NSCLC Cells

EKentarol Ueda, Hiroyuki Kawashima, Wuguo Deng, John D. Minna, Jack A. Roth, Lin Ji. UT
M.D. Anderson Cancer Center, Houston, TX and UT Southwestern Medical Center, Dallas, TX.

NPRL.2 is one of the candidate tumor suppressor genes residing on a 120-kb homozygous deletion
region in human chromosome 3p21.3. NPRL2 protein shares a high degree of amino acid sequence
homology to the yeast nitrogen permease regulator 2 and the disruption of NPRL2 gene in yeast cells
has been shown to attribute to the cellular resistance to cisplatin (CDDP)- and doxorubicin-mediated
cell killing. NPRL2 has been speculated to be involved in DNA mismatch repair, cell cycle
checkpoint signaling, and regulation of apoptotic pathway. In this study, first we analyzed expression
of NPRL2 protein by Western-blot, determined IC50 values of CDDP by a XTT assay in NSCLC
cell lines, and evaluated the potential correlation between NPRL?2 protein expression and CDDP
sensitivity. In 21-NSCLC cell lines tested, 10 (83%) out of 12 NPRL2-positive cell lines showed
high sensitivity to CDDP (IC50 < 5 pM), and 6 (67%) out of 9 NPRL2-negative cell lines were
CDDP- resistant (IC50 >5 uM). A high level of expression of NPRL2 protein was detected in a
clinic-originated CDDP-sensitive NSCL cell line H1437 (IC50 = 1.2 puM) but no expression of
NPRL2 protein was detected in a CDDP-resistant H1437 subline (IC50 = 16 pM), which was
experimentally established by selecting against CDDP from the parental H1437 cells. In addition, we
measured the density of NPRL2 protein band on the Western-blot from each cell line and examined
the relationship between the level of NPRL2 expression and the IC50 value of CDDP in these
NSCLC cells and found that expression of NPRL2 was significantly and reciprocally correlated to
CDDP sensitivity, with a Pearson’s correlation coefficient of - 0.57( P = 0.006). Next, we
constructed a NPRL2 protein expressing plasmid to studied the effect of exogenous expression of
NPRL2 on tumor cell growth and apoptosis by DOTAP:cholesterol nanoparticle-mediated gene
transfer in both CDDP-sensitive and resistant NSCLC cells. We found that re-expression of NPRL2
in NPRL2-negative and CDDP-resistant cells significantly re-sensitize these cells’ response to
CDDP treatment with a reduced relative cell viability from 70% in the absence of NPRL2 expression
to 20% in re-expression of NPRL2 at a sub-optimal dose of CDDP (at a IC20 level) in each cell line.
Furthermore, an approximately 2.3-fold higher induction of apoptosis was also detected in those cells
transfected by NPRL2-nanoparticles compared to those untransfected cells at the same level of
CDDP treatment. Our results implicate the potential of using NPRL2 as a biomaker for the prediction
of CDDP responsiveness and prognosis in lung cancer patients and as a molecular therapeutic agent
for enhancing and re-sensitizing response of CDDP-non-responders to CDDP treatment. This
abstract is supported by grants of NIH NCI (SPORE P50CA70907).

Copyright © 2005 American Association for Cancer Research. All rights reserved.
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3516 Synergistic tumor suppression by coexpression of FUSI and p53 concurrences with FUS1-
mediated down regulation of MDM2, accumulation of p53, and activation of Apafl-dependent
apoptotic pathway in human NSCLC cells

BWuguoll Deng, Futoshi Uno, John D Minna, Jack A. Roth, Lin Ji. UT-MD Anderson Cancer
Center, Houston, TX and UT Southwestern Medical Center, Dallas, TX.

FUS1 is a novel tumor suppressor gene (TSG) identified in human chromosome 3p21.3 region where
allele loss and genomic alterations are frequently found in a wide spectrum of human cancers and
occur at the earliest stage of cancer development. Loss of expression and deficiency of
posttranslational modification of FUS1 protein have been found in a majority of NSCLCs and in
almost all SCLCs. Restoration of wt-FUS1 function in 3p21.3-deficient human lung cancer cells by
adenoviral vector- or DOTAP:cholesterol nanoparticle-mediated gene transfer inhibits the growth of
these tumor cells by induction of apoptosis and alteration of cell kinetics in vitro and in vivo. We
previously also noticed that the tumor suppression function of FUSI as well as several other
potential 3p21.3 TSGs were directly or indirectly dependent of p53 activity. In this study, we
evaluated the combined effects of FUS1 and p53 on tumor cell growth and apoptosis induction in
NSCLC cells co-transfected with FUSI- and p53-nanoparticles and explored molecular mechanisms
of their mutual actions in vitro. We found that co-expression of wt-p53 with the wt-FUS1, but not the
dysfunctional myristoylation-deficient mutant (mt-FUS1), synergistically inhibited cell proliferation
and induced apoptosis in various human NSCLC cells. We also found that co-expression of FUS1
and p53 enhanced the sensitivities of NSCLC cells to treatments with the DNA-damaging agents y-
radiation and cisplatin. Furthermore, we found that the observed synergistic tumor suppression by
FUS1 and p53 concurred with the FUS1-mediated down-regulation of MDM2 expression and the
resultant accumulation and stabilization of p53 protein as well as up-regulation of Apaf-1 expression
and activation of caspase cascade in Apaf-1-associated apoptotic pathway in human NSCLC cells.
Our results therefore revealed a novel molecular mechanism involving FUS1-mediated tumor
suppression function and its interaction with other cellular components in the pathways regulating
p53 and Apaf-1 activities. Our findings imply that a treatment targeting multiple pathways by
combining functionally synergistic tumor suppressors such as FUSI and p53 with chemotherapy or
radiotherapy may be an effective therapeutic strategy for NSCLC and other cancers. This abstract is
supported by grants of NIH NCI (SPORE P50CA70907) and DOD (TARGET, DAMD17002-1-
0706).
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